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Abstract

Erythropoietin (Epo) modulates red blood cell production (erythropoiesis) by
binding to its receptor and activating STATS5, a Signal Transducer and Activator of
Transcription (STAT) protein implicated in both basal and stress erythropoiesis. Epo
concentration in serum changes over three orders of magnitude, as it regulates basal
erythropoiesis and its acceleration during hypoxic stress. However, it is not known how
STATS translates the changes in Epo concentration into the required erythropoietic rates.
We addressed this question by studying STAT5 phosphorylation, at the single cell level,
in developing erythroblasts.

We divided erythroid progenitors in tissue into several flow-cytometric subsets
and found that each of them exhibited distinct modes of Stat5 activation, based on their
developmental stage. STATS5 activation is bistable in mature erythroblasts, resulting in a
binary (or digital), low-intensity STATS5 phosphorylation signal (p-Stat5). In early
erythroblasts, and in response to stress levels of Epo, the low intensity bistable p-Stat5
signal is superseded by a high-intensity graded, or analog, signal.

The gradual shift from high-intensity graded signaling in early erythroblasts to
low intensity binary signaling in mature erythroblasts is due to a decline in STAT5
expression with maturation. We were able to convert mature, digital transducing
erythroblasts into analog transducers simply by expressing high levels of exogenous
STATS5. We found that EpoR-HM mice, expressing a mutant EpoR that lacks STAT5

docking sites, generate the binary, but not the analog, STATS signal. Unlike Stat5-null
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mice, which die perinatally, the EpoR-HM mice are viable but deficient in their response
to stress, demonstrating that while binary STATS5 signaling is sufficient to support basal
erythropoiesis, analog signaling is required for the stress response. Bistable systems
contain a positive loop, which is important for flipping the switch between the two stable
‘on’ or ‘off” states. We show that bistable activation is the result of an autocatalytic loop
in which active STAT5 promotes further STATS activation. The isolated STAT5 N-
terminal domain, which is not required for STATS5 phosphorylation, enhanced
autocatalysis, converting a high intensity graded signal into a high intensity binary
response. The N-terminal domain is known to participate in a radical conformational
reorientation of STATS dimers inherent in STATS activation. We propose that the N-
terminal domains of active STATS dimers facilitate the conformational reorientation of
inactive dimers, in a prion-like autocatalytic interaction that underlies bistability and
binary signaling. Together, bistable STAT5 activation, combined with a graded response
allow erythropoietic rate to faithfully reflect a wide Epo concentration range, while

preventing aberrant signaling.



Table of Contents

Y Lo LU LT o Vo T TSSO iii
[ To [T 1T o SRS iv
AN o] TV T Lo T=T o =T o | SRS v
N o] 1 = o1 USSR viii
TaDIE OF CONMTENTS ...ttt ettt ettt e e e steeneesaeneeeesaeaneas X
TS Ao T O xiii
List of Third Party Copyrighted Material ............ccccoeiiiiiiiiic e XV
CHAPTER I: Introduction
Y ] (] T LT 1SS 1
Identification of erythroid ProgeNitors .......cccciveiiiiii i s 2
Erythropoietin receptor SIgNaliNg........ccoveiie e re e 7
In vivo study of EpoR distal domain in erythropoiesiS .........ccceviviiiieiiiesie v 11
LI AL o] 1] o] 28RS 15
STAT structure and functional dOMEINS .........cociiieiiiiie e e 17
Negative regulation of STAT ACHIVALION .....cccoiiiiiiiiecee e 21
Conformational reorientation during STAT phosphorylation/dephosphorylation cycle ........... 22
STATS aNd ErYLNIOPOIESIS ....eeeiiieieitieie ettt sttt e et neeseeeneeneeseeeees 30
Erythropoietin mediated STATS activation in cell iNeS..........ccoooivieiiiiiiii e 31
Signaling dynamics iN DIOIOGY ........ooiiiiiiiieiee e 32
Development of a novel flow cytometric method to study protein phosphorylation
At the SINGIE CEI BV ... ...t sreenes 40
SR I AN - T o o=V - SRS 42
AMS OF ThE STUY ...ttt st et et sbeene et e eenneens 44
CHAPTER II: Autocatalytic activation of Stat5 underlies bistability and binary signaling
(0] 0}V T | o] 10 X[ SRR 47
] 4o T VT 1 o] o ISR 48
RESUILS ..ttt sttt et e teen e te s Re e Rt et e be e Rt et e neeereereetenreenes 52
Flow cytometric measurements of phosphorylated-Stat5 (p-Stat5)
IN Primary rythrobIaStS ........c.oiiiieecie e 52
Erythroid maturation determines the p-Statb reSPONSE.........cccovveieieiiiiireie e 53
Binary and graded Stat5 signaling coexist in developing erythroblasts ............c.cccccovinennen. 60
EpoR-HM erythroblasts generate only binary low-intensity p-Stats signal..............ccccocee.... 67

The maximal p-Stat5 response (p-StatSma) is linearly correlated
With Stath eXPreSSiON IVEIS........cui it eees 69



Exogenous Statb expression rescues graded high intensity p-Stat5 signaling
in EpoR-HM erythroblasts and in wild-type S3 Cells........ccccoiviiiiiiiie e
Cellular Stat5 is limiting during Stat5 phosphorylation in erythroid cells ..............c...........
Distinct biological functions of the binary and graded signaling modes...............ccoceeuenen.
The low intensity p-Stat5 signal Shows hySteresis........cooevviiiiieii i
A steep relationship between FLAG-Stat5 expression and Epo-independent,
CONSTITULIVE P-STALD ...ttt e st e e st te et e seeereanes
p-Stats promotes phosphorylation of inactive Stats in trans...........ccoceevevienie e,
The time course of p-Stat5 is consistent with autocatalysis .........ccocovvveieriiiivnicnie i
The isolated ND amplifies the binary p-Stat5 signal............ccccoeiiiiiniicii e
The isolated ND enhances hysteresis and constitutive p-Stat5 activation..............c.cccce......
Phosphorylation of a ND-truncated Stat5 moleculs is amplified
by coexpression Of the iSOlated ND ..........cccooiiiiiiiiii i
The isolated Myc-ND coimmunoprecipitate with full length FLAG-Stat5 ND. ..................
ND dimerization surface mutations are deficient in p-Stat5 amplification
but retain p-Statb SUPPresSIVe EFFECT.........coi i
[ 11010 ES1S] o] o PO
Coexisting graded and binary Stat5 signaling allows for fidelity in signaling
OVEr @ WIAE EPO FANGE. ...ttt bbbt
Mechanism of bistability: p-Stat5-mediated positive feedback exerted at the Stat5
PROSPNOIYIALION STEP ...ttt
Hypothesis: an autocatalytic conformational SWitCh ............ccooviiiiiiiiii
Sites of interaction of the ND With StatS..........cccoviiiiiiiii e
Implications for STAT’S role iN diSEASE ........ccueriiiiiiiiiiee e
Material and METNOAS .......coiiii ettt sreeenes
MOUSE MOAEIS ...ttt sttt et esbe e sbe e sbeenreenes
Erythopoietin injections in adult MICE ...........cooiiiiiiiii s
Fetal liver Cell Preparation ..o
Amaxa Biosystem NUCIEOTECTION .........coviiiiiiiiie e
Pervanadate treatMENT.........c.oiuiiiiiie ettt re e re e e nns
SOCS3 SIRNA ..ottt et et e e sbe e te e st e benaeere et e re e e renreanee
Mouse Embryonic Fibroblasts (MEF) preparation .............coccooeiinineiienininie s
FIOW CYTOMEBLIY ... bbbt b bbb sbe e ene e
DNA constructs: cloning and MUEAgENESIS .......covrerieririeie sttt
Quantitative REaI-TIME PCR ......uiiieiecie et nne e e
Denaturing Immunoprecipitation and Quantitative Western Blotting.........c.ccccovevvvevivnenne.
WESEEIN BIOT ANAIYSIS ...vviiieeiiie ettt e nre e nreenrs

CHAPTER II1I: Identification and analysis of mouse erythroid progenitors using the

CD71/Ter119 flow-cytometric assay

L070] o)V T a1 0\ [0 ] X ot PSPPSR
INEFOAUCTION ...ttt bbbttt b et e e e
g 0] (o ol ] OO PTTUPOP TR PRTPTURPRPPN
REPIeSENTALIVE FESUITS ... .oiviiiiciece et es
D101 0 £S1S] o] o OSSR

Differentiation stage of erythroblasts within the flow-cytometrically defined subsets.......

INErACEITUIAr ANTIGENS. ... ceieeeee ettt st ne e eeeneens

xi



xii

Fetal liver CD7L/TErL119 SUDSEES ....ccueiieieieeeieeiee ettt sttt seeees 164
Interpretation of changes in the frequency of erythroid subsets..........cccccooeiiiiiiiieinne 165
CHAPTER 1V: Conclusions and Future direCtions .........cccccooceiviieienesiieie e 167
(0o T [1ES] T o PSS STPSSS 167
Significance of OUr fINAINGS .....ccuviiiii e e e 171
Biological functions of digital and analog signaling in erythroblasts..............cccccceeiiieiinenen. 171
Studying the regulation Of Stath EXPreSSION........cccviieii it 173
Investigating the mechanisms of the coexistence of digital and analog signaling................... 174
Structural studies to confirm our hypothesis on the positive feedback mechanisms............... 176
StAtS AN TEUKEIMIA ...ttt sttt e e et enenneans 178

APPENDIX I: Contrasting dynamic responses in vivo for the Bcl-x,_and Bim erythropoietic

survival pathways

1070] o)V T | o1 N[0 (o= SRS 180
N o] 1 = (o1 ST 181
] 4o T VT 1 o] o ISR 182
U ] | PSSR 185
Erythroid developmental delay in Stat5” embryos ..........c.ccoovivreeereieesreseseeeeseeseeeeneenn, 185
Bcl-x, and Bim expression in fetal liver is differentiation-stage and embryonic day
0 L=T o T=T a0 [T o SR 186
Bcl-x. and Bim expression in fetal liver are regulated by Stat5..........cccoeevviiiiiii i, 187
Bcl-x, is rapidly induced in adult early erythroblasts in response to
A SINGIE EPO INJECHION ....c.viiiic it te e s be e te e be e re e s neeenas 196
Expression pattern of Bim in basal and stress adult erythropoiesis...........ccocovevcvivnieinne. 201
The erythroblast response to reduced atmospheric OXYgeN .......coovvveierereeeene e 204
The response of erythroblast Bim, Fas and Bcl-x_to reduced atmospheric oxygen ........... 205
Response of Bim and Bcl-x, pathways to chronic erythropoietic Stress..........ccccccoevvevernrnne. 212
The Bcl-x, response to an “acute on chronic” stress Stimulus.........cccccevveiienie i e, 212
Stat5 activation in vivo undergoes adaptation.............cccocveeeiiiiienene s 218
The Bcl-x_ and Bim stress responses in EpoR-H and EpoR-HM mice ..........ccccoeveinenen. 223
The p-Stat5 response to an “acute on chronic” stress StiMUIUS...........cceoeviviieienr i 227
D ol 1 1] (o] o ST 228
Regulation of Bim and Bcl-x, expression in early versus late erythroblasts....................... 228
Adaptation allows functional specialization of the Bcl-x,_ response
t0 the aCUte PhaSe OF SIIESS.....cciiiiiiic et re e sae e e 231
Mechanisms of adaptation in the BCI-X| FESPONSE .......cceiveieiiieeeie e 231
Implications for myeloproliferative diSEases.........cccvivevieiiiiie i 232
Material and METNOAS ........ccviiiii e e 235
MOUSE MOEIS ...ttt ettt te et e s et steeneeneeseeeneens 235
ErYtNIOPOIETIC STFESS. . et ite ettt sttt eneeste s e seesaeeneeneesneeneas 235
FIOW CYEOMELIY ...eeieeeeee ettt ettt sttt et e s et esbeeteeeesbeereeneenbeseeeneennas 235
Quantitative Real-TIME PCR .....ccociii ittt 238
(08 S O O] (o] 0| 1Y | 238
Enzyme Linked Immunoadsorbent Assay (ELISA) ......ccooviiiieii i 239

DAtA ANGIYSIS ...ttt ettt nreareenee it 239



xiil

BIDHOGIaPpNY oo e 240



List of Figures

Xiv

CHAPTERI
Figure 1.1 Identification of Erythroid progenitors by the traditional methods and flow
(Y4 (0] 10 =] YOO PRSP 4
Figure 1.2 Negative regulation of erythropoietin receptor signaling..........c..cccocvevereirinene. 9
Figure 1.3 In vivo models of EpoR distal domain truncations.............cccccevovvveenenieeiennnn 13
Figure 1.4 Structural and functional domains in STAT family members.........c..cccccevvenee. 18
Figure 1.5 Phosphorylated and unphosphorylated STAT conformation and structure ....... 24
Figure 1.6 Model of STAT dephosphorylation by comformational reorientation............... 28
Figure 1.7 Summary of different types of signaling reSponses .........ccccoeevevviivereieseennenns 34
Figure 1.8 Components of bistable SYStEMS ........cocviiiiiiiiieece e 38
CHAPTER II
Figure 2.1 The p-Stat5 reponse in fetal Vel ..o 55
Figure 2.2 The p-Stat5 response in fetal liver and in adult tisSU€...........cocveviiviceicirene 58
Figure 2.3 Binary p-Stat5 signaling in EpoR-HM erythroblasts ............cccccoooviiiie i 62
10 U SR 65
Figure 2.5 SOCSS3 regulation of Stat5 signaling..........ccccovvviiiieiiiiiieee e 71
Figure 2.6 Stat5 signaling in Shpdl™ fetal IVEr ............cccoviveeivieeeeeeeeeeeeeeee e 73
Figure 2.7 The maximal p-Stat5 response (p-Stat5may) is linearly correlated
With Stath eXPresSion IEVEIS.......cccuiiii ittt e e s aree s 75
Figure 2.8 Analysis of Stat5 phosphorylation in Stat5* and EpoR*" embryos................... 77
Figure 2.9 High exogenous Stat5 levels rescue high intensity graded
p-Statb signaling in EPOR-HM CellS .........cociiiiiiiiie e 82
Figure 2.10 High exogenous Stat5 levels rescue high-intensity graded
p-Statb signaling in Wild type S3 CellS......cov i 85
Figure 2.11 Biological functions of binary and graded signaling...........c.cccccevvnvniernivannn 92
Figure 2.12 Hysteresis and positive feedback in Stat5 activation .............ccoeeevvvivvvirnnnne. 100
Figure 2.13 Hysteresis and autocatalysis in Stat5 activation..............ccccevcevieviieieinsennnn, 104
Figure 2.14 The Stat5 ND enhances bistable Stat5 activation.............cccccoeeiiniiineicnens 110
Figure 2.15 The isolated Stat5 ND enhances hysteresis and
CONStItUtiVe P-Statd aCTIVALION. .........coviiiiiiicc s 115
Figure 2.16 Phosphorylation of a ND-truncated Stat5 molecule
is amplified by coexpression of the iSolated ND ..........ccooeieiiiiiiiniieee e 121
CHAPTER 111
Figure 3.1 Experimental strategy to study erythropoiesis using flow cytometry .............. 143
Figure 3.2 The CD71/Ter119 erythroid subsets in mouse spleen.............ccocevviiiiniiinnns 153
Figure 3.3 Cell cycle analysis of cD71"9"Ter119"o" erythroblasts in mouse bone
IVVAITOWV ...ttt ettt ekt k e et e s ab e e e s Rt e e ek b e e ek ka2 ek b e e eh bk £ 4 RR e e e eb e e e ehb e e nRbe e anbeeenreeennneennreean 155
Figure 3.4 CD71/Ter119 erythroid subsets in mouse fetal liver.............cccoceveiiiiiinine. 158
Figure 3.5 Cell cycle analysis of fetal liver erythroid SUDSEtS..........ccooiiviiiiiiiiciiie e, 160
CHAPTER IV

Figure 4.1 Dimmer switch model of Stat5 signaling ...........cccoceviiiiiiiiieii e 169



APPENDIX |

Figure Al.1 Delayed maturation and altered Bcl-x, and Bim expressionin Stat5” fetal
LAY USSR
Figure A1.2 Bim and Bcl-x in fetal liver erythroblasts..........ccccoovioiiiiiiiiiiiie e
Figure A1.3 Fas suppression in E14.5 fetal liver erythropoiesis........cccocovvveveeveeieeiecnnnns
Figure A1.4 Bcl-x, induction in adult early erythroblasts in response to

oI T o] 1=Tox (o o I SRR
Figure A1.5 Transient Bcl-x, induction contrasts with slower Bim suppression

iN responSe t0 EPO INJECLION ......uiiviiie ettt be e be et e re e sre e e
Figure A1.6 A reduced oxygen environment elicits a rapid, transient Bcl-x, induction
and a slow persistent BiM SUPPIESSION .....ccuviiveiieiieeieeiiesitessteesteesteesteesteesreesreesreesreesraesnnas
Figure A1.7 The Bcl-x, response to repeated Epo injections..........ccccveeeiiveiieicinine e,
Figure A1.8 The Bcl-x, response to chronic stress and to ‘acute on chronic’ stress...........
Figure A1.9 Plasma Epo measurements in mice with p-thalassemia

ANA TN ES-VHL T MICE .ot
Figure A1.10 Adaptation in the Bcl-x,_ and p-Stat5 responses is dependent

on the EpoR C-terminal cytoplasmic domain..........ccccoveviiiiiiii i
Figure A1.11 The Bcl-x,_ and Bim responses in EpoR-H and EpoR-HM mice ..................
Figure A1.12 Regulation of Bcl-x, and Bim expression in erythropoiesis ...........ccccceveeveas

XV



List of Third party copyrighted material

Figure Number

Figure 1.1A
Figure 1.2

Figure 1.4A
Figure 1.4B
Figure 1.5A
Figure 1.5B
Figure 1.6

Figure 1.7

Figure 1.8A
Figure 1.8B

Publisher

Lippincott Williams & Wilkins, Inc.

Elsevier Ltd.

Nature Publishing Group

Cell Press

Cell Press

CSHL Press

CSHL Press

International Union of Biochem; Elsevier Publ
Elsevier Ltd., Current Opinion Journals
AAAS

XVi

License Number

2706271023732
2706271474927
2707891030950
2707870774013
2715090243923
Permission Granted
Permission Granted
2711420335811
2707891377271
2707891222056



CHAPTER I: Introduction

1. Erythropoiesis

Erythropoiesis, the production of red blood cells, is regulated by the glycoprotein
hormone erythropoietin (Epo), whose production is modulated by tissue oxygen tension.
Given the central role of red blood cells in oxygen transport, erythropoiesis is a tightly
regulated process aimed at maintaining homeostasis as well as responding to changes in
oxygen demand. Definitive erythropoiesis in mice occurs in the fetal liver, whereas basal
adult erythropoiesis occurs primarily in the bone marrow and at low levels in the spleen.
However, in conditions that cause hypoxic stress, such as moving to high altitude, blood
loss or anemia, the spleen becomes the main erythropoietic organ and erythropoiesis can
increase up to 10-fold its basal rate, in a process known as stress erythropoiesis.

Tissue oxygen tension modulates Epo secretion by the kidney peritubular cells
through the Hypoxia-Inducible Factor (HIF) [1]. The transcription factor HIF-2,
composed of an oxygen sensitive a subunit, HIF-2a,, and a constitutively expressed
subunit, HIF-f, regulates Epo induction by binding to hypoxia-response elements (HRES)
in the promoter of the Epo gene [2, 3]. Under normal oxygen conditions, the HIF-2a
subunit is hydroxylated by oxygen- and iron-dependent prolyl-hydroxylases, allowing
binding of the von Hippel-Lindau tumor suppressor (pVVHL) and subsequent targeting of
the HIF-2a subunit for proteasomal degradation [4, 5]. Under conditions of hypoxia the
o subunit is stabilized leading to the formation of an active HIF-2a3 heterodimer.

Epo levels can increase up to 1000 fold during severe tissue hypoxia [6]. High

Epo, in combination with other factors, such as stem cell factor (SCF) [7],



glucocorticoids [8, 9] and bone morphogenetic protein 4 (BMP4) [10], promotes an
increased erythropoietic rate. However, the details of Epo receptor (EpoR) signaling

during basal and stress erythropoiesis are not yet known.

2. ldentification of erythroid progenitors

Erythroid progenitors are generated from hematopoietic stem cells present in the
fetal liver or in the bone marrow, via multipotential progenitors, such as the common
myeloid progenitor (CMP) and the megakaryocytic/erythrocytic progenitor (MEP).
Erythroid progenitors have been identified in the past using colony-forming assays in
semisolid medium (Figure 1.1A). The earliest committed erythroid progenitor identified
ex vivo by this method is the Burst Forming Unit-erythroid (BFU-e), that generates, in the
presence of Epo, Stem Cell Factor (SCF) and Interleukin-3 (IL-3), about 500 cells in 6-10
days [11]. A more mature progenitor is the Colony Forming Unit-erythroid (CFU-e), that
forms, in the presence of Epo, colonies of 8-32 cells in 2-3 days [12]. CFU-e gives rise to
increasingly mature erythroblasts that are identified by their morphology and are
classified into proerythroblasts, basophilic, polychromic and orthochromic erythroblasts.

Our laboratory has developed a flow-cytometric assay that allows identification
and analysis of erythroblasts in freshly isolated hematopoietic tissue. By staining total
fetal liver (Figure 1.1C), bone marrow or spleen cells (Figure 1.1B) with antibodies
against the cell surface markers CD71, the transferrin receptor, and Ter119, an erythroid
specific marker, we can identify erythroid subsets that form a developmental sequence
[13, 14]. In the fetal liver we identify six subsets, SO to S5 (Figures 1.1C and 3.4). As

they progress in differentiation, they decrease in size, compact their chromatin and start



expressing hemoglobin (Figure 1.1C). Subsets S1 to S5 are Epo dependent in vitro and in
vivo and entirely erythroid. The SO subset, on the other hand, though still largely
composed of early erythroid progenitors, also contains non-erythroid cells (30% of S0),
which comprise cells of other hematopoietic lineages and earlier uncommitted
progenitors. In the adult tissue, by combining the CD71/Ter119 staining with the forward
scatter parameter (FSC), we resolve 4 subsets, ProE (Ter119™¢ CD71"¢" FSC""), EryA
(Ter119"" cD71"" FSCMM), EryB (Ter119"" cD71"¢" FSC'), and EryC (Ter119™"
CD71"" FSC"™) (Figure 1.1B). These subsets, which morphologically represent
progressively mature erythroblasts, approximately correspond to proerythroblasts,
basophilic erythroblasts, basophilic and polychromic erythroblast, polychromic and
orthochromic erythroblasts, respectively.

EpoR is expressed in long term HSCs, cells with BFU-e potential [15, 16], as well
as early erythroblasts (Figure 1.1A). In fetal liver cells, it is expressed in subsets SO to S3.
Mice that lack either Epo or EpoR die at embryonic day 13 (E13), due to severe anemia.
The fetal liver of these knock-out mice can generate normal numbers of BFU-e and CFU-
e progenitors but cannot produce mature red blood cells [17], indicating an essential role
for EpoR signaling in erythropoiesis. Janus Kinase 2 (Jak2)” mice die one day earlier
than the EpoR™ mice and exhibit a decreased number of total fetal liver cells as well as
erythroid progenitors, suggesting that JAK2 is required at earlier stages of erythroid

development than the EpoR [18].



Figure 1.1 Identification of erythroid progenitors by traditional methods and flow
cytometry.

(A) Hematopoietic stem cells in the fetal liver or bone marrow generate the common
myeloid progenitor (CMP), which gives rise to the megakaryocytic/erythrocytic
progenitor (MEP) that commits to the erythroid lineage. Cells in the same vertical
position indicate the same differentiation stage. (Top panel) Traditional methods of
identifying erythroid progenitors comprise: colony forming assays, used to identify the
Burst Forming Unit-erythroid (BFU-e) and Colony Forming Unit-erythroid (CFU-e)
(left); morphological assays (cytospins), used to identify erythroblasts (right). A recently
developed flow cytometric assay (bottom panel), based on simultaneous staining for
CD71 and Ter119, allows the identification of erythroblasts that form a developmental
sequence (ProE, EryA, EryB, EryC) directly within adult hematopoietic tissue.

(B) Gating strategy for freshly explanted spleen erythroid subsets. Dead cells are
excluded by staining with LIVE/DEAD fixable viability staining and gating on the
negative population. CD71/Terl19 staining combined with forward scatter (FSC)
analysis, resolves 4 subsets: ProE (Ter119™¢ cD71"" FsSCM9") EryA (Ter119"o"
CcD71M" FSCMM  EryB (Ter119"" cD71"" FSC'), and EryC (Ter119"" cD71'%
FSC'™). Same data as in figure Al.4.

(C) (Top) Gating strategy for freshly isolated fetal liver cells processed for intracellular
staining. The gate drawn in the side scatter (SSC)/FSC dot plot serves to exclude small
events like nuclei and debris. The diagonal gate identifies single cells, while excluding

doublets or aggregates. The CD71/Ter119 staining in total fetal liver cells identifies



subsets SO-S4. S3 cells are subdivided, based on the FSC parameter in S3 large and S3
small. (Bottom) A cytospin preparation of cells from individual subsets is shown.

Decrease in cell size and hemoglobin expression is observed with maturation.



Figure 1.1
A

Reproduced with permission of LIPPINCOTT WILLIAMS & WILKINS, INC. Socolovsky M, Molecular insights into stress
erythropoiesis, Curr Opin Hematol, 14: 215-24 [19], Copyright (2007).

B



3. Erythropoietin receptor signaling

The EpoR, first identified in 1989 [20], is a class | cytokine receptor characterized
by the presence of conserved regions in the extracellular domain, a cysteine motif (a set
of four conserved cysteine residues) and a WSXWS motif in proximity of the
transmembrane segment. The murine EpoR is a 507 amino acid protein that contains an
extracellular domain, a transmembrane domain and a cytosolic domain lacking any
kinase activity, but associated with JAK2 kinase. The inactive EpoR is present in the
membrane as a homodimer [21, 22]. An EpoR mutant containing an intermolecular
disulfide bond in proximity of the membrane, R129C, is constitutively active and is able
to cause erythroleukemia in mice [23].

Upon ligand binding, the receptor undergoes a conformational change that leads
to activation of the pre-associated kinase, JAK2, and subsequent phosphorylation of the
cytoplasmic domain of the receptor at eight tyrosine residues. The phosphorylated
tyrosines serve as docking site for several signaling molecules that contain Src-
Homology 2 (SH2) domains, such as STAT5 (Signal Transducer and Activators of
Transcription 5), PI-3 kinase, Mitogen Activated Protein Kinases (MAPKSs) and several
negative regulators. Upon binding to the phosphorylated receptor the signal transduction
molecules are phosphorylated. They then dissociate from the receptor and deliver the
signals directly to the nucleus, in the case of STATS5, or to downstream effectors. STAT5
primarily binds to Y343 and Y401 of the EpoR [24-26], whereas Y479 recruits the p85
subunit of PI-3 kinase [27, 28] and Y464 is bound directly by Grb2 [29]. Among the

MAPKS, EpoR activates Erk1/2, SAP Kinase/Jun kinase and p38 [30-33].



Cytoplasmic negative regulators include tyrosine phosphatases and members of
the Suppressor of Cytokine Signaling (SOCS) family, which bind to the phosphorylated
tyrosines on the EpoR and prevent further signaling by competing with the signaling
molecules for receptor binding (SOCS family members) or inactivating JAK2 or the
receptor (Figure 1.2). Among the cytoplasmic phosphatases, SH-2 domain containing
phosphatase-1 (SHP1) binds to Y429 and Y431 [34] and indirectly inactivates JAK2
[35], CD45 and protein-tyrosine phosphatase 1B (PTP1B) directly inhibit JAK2 [36, 37],
whereas SHP2 and SH-2 domain containing inositol-5-phosphatase (SHIP-1) are
recruited to Y401 [38]. The SOCS family members, CIS, SOCS1 and SOCS3, are
transcriptionally induced upon Epo-mediated STAT5 activation and act by different
mechanisms. CIS and SOCS-3 bind to Y401 and therefore compete with STATS for
receptor binding [39-41], while SOCS1 and SOCS3 exert their action by N-terminal

inactivation of JAK2 [41, 42].



Figure 1.2 Negative regulation of erythropoietin receptor signaling. Erythropoietin
receptor cytoplasmic domain contains 8 tyrosines, which upon phosphorylation, serve as
docking site for several signaling molecules, one of which is STAT5. STATS5 activation
initiates a negative feedback loop, that leads to signal termination, by inducing the
transcription of negative regulators of the SOCS family: CIS, SOCS1 and SOCS3. CIS
and SOCS3 bind to Y401 on the EpoR, competing with STAT5 and therefore preventing
further phosphorylation. SOCS1 and SOCS3 inhibit JAK2 by direct binding. Other
negative regulators include the cytoplasmic tyrosine phosphatases SHP-1, PTP1-B and
CD45, which negatively regulate JAK2.
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Figure 1.2

Reprinted from [Trend in Cell Biology], Volume 15, Richmond TD et al., Turning cells red: signal transduction
mediated by erythropoietin, Pages: 146-55 [43], Copyright (2005) with permission from Elsevier.
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4. In vivo study of EpoR distal domain in erythropoiesis

Naturally occurring mutations in the C-terminal domain of human EpoR, to which
negative regulators are recruited, have been associated with familial erythrocytosis [44,
45], a disorder of red blood cell production, characterized by an absolute increase in red
cell mass, with elevated hematocrit and hemoglobin levels. These findings suggested that
lack of negative regulation could be the cause of excessive red blood cell production.
Moreover, studies in cell lines suggested a central role for Y343, a STAT5 docking site,
in EpoR signaling and erythropoiesis (Chapter 1-3 and 1-10).

In order to study the role of the EpoR distal domain in erythropoiesis, two knock-
in mice were generated, in which a C-terminally truncated EpoR was ‘knocked-in’ at the
wild-type EpoR locus. EpoR-H mice retained Y343, whereas EpoR-HM mice contained,
in addition to the truncation, a mutation of the residual tyrosine to phenylalanine (Y343F)
(Figure 1.3). Both mice are viable and fertile. EpoR-H mice exhibit a slight increase in
hematocrit levels, whereas the EpoR-HM mice show a slight decrease [46]. In addition,
EpoR-HM mice showed increased renal Epo transcript levels, which were 1.9 fold higher
than in wild type controls, while EpoR-H mice showed a decrease to levels that were
about 60% of the wild type controls [47].

Several studies showed that EpoR-HM mice, despite normal basal erythropoiesis,
are unable to respond to anemic stress induced by hemolysis, 5-fluorouracil treatment or
bone marrow transplantation. Conversely, efficient stress erythropoiesis is rescued in

EpoR-H mice, which are also are hypersensitive to Epo [47, 48].
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These findings suggest that an EpoR lacking any tyrosines is sufficient to support
basal erythropoiesis in vivo and that EpoR tyrosines are required for the erythropoietic

stress response.
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Figure 1.3 Mouse models of EpoR distal domain truncation. EpoR-H and -HM mice
are knock-in mice expressing a C-terminally truncated EpoR. The STAT5 docking site,
Y343, is maintained in EpoR-H mice while is mutated to phenylalanine in EpoR-HM

mice. JAK2 is activated upon Epo binding to the receptor, in both mouse models.



Figure 1.3
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5. STAT Biology
The JAK-STAT pathway was first identified in the early 1990 during the study of

interferon (IFN) signaling [49-51]. This new pathway could transduce signals from the
cell surface directly to the nucleus, rapidly inducing new genes, through proteins with
dual function in signal transduction and activation of transcription, STAT proteins.

STAT proteins are latent cytoplasmic transcription factors that become activated
by phosphorylation of a single carboxy-terminal tyrosine in response to a variety of
extracellular signals, such as cytokines, growth factors and hormones.

In the classical JAK/STAT pathway, ligand binding to the cytokine receptor,
devoid of intrinsic tyrosine kinase activity, leads to receptor dimerization and activation
of the pre-associated JAK kinase. The activated JAKSs trans-phosphorylate the receptor
cytoplasmic tyrosines generating docking site for the STAT proteins that then become
substrates of the JAK. Upon tyrosine phosphorylation and nuclear translocation, STATSs
exert their function as transcriptional activators.

STAT activation also occurs downstream of other receptor families, such as
receptors with intrinsic tyrosine kinase activity (for example, the Epidermal Growth
Factor (EGF) receptor) [52] as well as seven-transmembrane receptors, associated to
tyrosine kinases like Src [53].

The importance of the JAK-STAT pathway is highlighted by its evolutionary
conservation. STAT molecules first emerged with multicellularity, and therefore, with
intercellular signaling. For example, a STAT molecule required in the induction of pre-

stalk cell differentiation, has been described in the slime mold, Dictyostelium discoideum
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[54]. The Drosophila melanogaster genome only encodes for one STAT molecule,
STAT92E (or D-STAT), which is essential for development [55, 56] and is very similar
to murine STATS5. The Drosophila JAK/STAT pathway regulates eye development [57],
sex determination [58, 59], germ cells self renewal [60, 61] and hemocyte proliferation
and differentiation [62]. STAT molecules have been found in the African Malaria
mosquito (Anopheles gambiae) [63], in zebrafish (Danio rerio) [64], frog (Xenopus
laevis) [65] and the round spotted puffer fish (Tetradon fluviatilis) [66].

The identification of multiple mammalian STAT indicates that the genes encoding
for STAT proteins have undergone duplication in the evolution of mammals. Seven
mammalian STAT genes have been identified to date, Statl, 2, 3, 4, 5A, 5B and 6. The
generation of STAT knock out models has uncovered the essential function of individual
STATSs in vivo. Stat3” mice are embryonic lethal [67], whereas Stat5a, b’ mice die
perinatally [68]. The finding that not all STAT molecules are essential for life might
reflect the specialized function of some of these proteins. While STAT3 is ubiquitously
expressed and functions in a variety of biological processes, STAT5 role is more
prominent in hematopoiesis, reproductive system development and mammary gland
development (STAT5A) [69] as well as body growth (STAT5B) [70]. STATL, 2, 4 and 6,
on the other hand, have more specialized roles in the immune system. STAT1 plays a
central role in IFN signaling (IFNo/p and IFNY) [71, 72], STAT2 is important for IFNo/p
signaling only [73], while STAT4 and 6 are involved in T cell signaling downstream of

IL-12 and IL-4, respectively [71, 72, 74, 75].
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6. STAT structure and functional domains

The mammalian STAT proteins exhibit a 28% to 40% sequence identity in their first 700
amino acids. The sequence of the carboxyl-terminal region of the protein is the most
divergent part among members of the STAT family. STAT2 and 6 are 850 amino acids
long, while STATL, 3, 4, 5A and 5B proteins contains between 750 and 795 amino acids.
Sequence comparison and mutagenesis studies have revealed the presence of conserved
functional domains within STAT proteins [76, 77]: N-terminal domain (ND), Coiled-coil
domain (CCD), DNA binding domain (DBD), linker domain, SH2 domain and

transactivation domain (Figure 1.4).
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Figure 1.4 Structural and functional domains in STAT family members. (A) STAT
family members share the following conserved domains: N terminal domain (N-term),
Coiled-coil domain (CCD), DNA binding domain (DBD), Src homology 2 (SH2) domain
and the transactivation domain (TAD). The C-terminal region of the protein is the most
divergent among STAT family members. (B) Crystal structure of phosphorylated STAT1
core bound to DNA. ND and TAD were not part of the crystal structure. (Top Panel)
Colored representation of the identified domains in a ribbon diagram: CCD (green), DBD
(red), linker domain (orange), and SH2 domain (blue). A stick representation of the
phosphotyrosine is shown. The DNA double helix is shown in grey. (Bottom Panel)
Molecular surface of the STAT1 dimer: the colors indicate the electrostatic potential,

with red representing positive and blue representing negative potential.
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Figure 1.4
A

Reprinted by permission from Macmillan Publisher Ltd: [Nat Rev Cancer], Volume 4, Yu, H. and R. Jove, The STATSs of
cancer-new molecular targets come of age, Pages: 97-105 [78], Copyright (2004).

B

Reprinted from [Cell], Volume 93, Chen X et al., Crystal structure of a tyrosine phosphorylated STAT-1 dimer bound to DNA,
Pages: 827-39 [76], Copyright (1998), with permission from Elsevier.
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The crystal structure of tyrosine phosphorylated human STAT1 (Figure 1.4B) and
mouse STAT3 dimers bound to DNA revealed a rigid hydrophobic core (residues 130-
712) formed by the CCD, the DBD, the linker domain and the SH2 domain [76, 77]. The
region containing the tyrosine phosphorylation site appeared flexible. The tyrosine-
phosphorylated dimers were stabilized by interaction between the phospho-tyrosine of
one monomer and the SH2 domain of the other.

The structure of the ND (amino acids 1-130) has been determined separately for
STATL1 and STAT4 [79, 80]. The domain consists of 8 helices that are organized in a
hook-like structure. The ND is connected to the molecule core by a flexible tether of
approximately 20 amino acids. Functionally, the ND plays a crucial role in STAT
dimerization, in the activation/inactivation cycle and in the formation of higher order
molecular complexes, such as tetramers that can bind to adjacent DNA consensus sites.
The DBD, which consists of several beta sheets, interacts with the DNA both in the major
and minor groove, at consensus oligonucleotide palindromic sequences, 5’-TT(Na.s)AA-
3’ [81]. The SH2 domain recognizes phospho-tyrosine residues specifically [82, 83] and
is required for binding to activated receptors and for the formation of phosphorylated
STAT dimers. All STAT molecules except STAT2 form homodimers upon tyrosine
phosphorylation. Only a few heterodimeric complexes are formed, consisting of
STAT1:3, STAT1:2 and STAT5A:5B [84]. In addition, the transactivation domain
regulates transcription by interacting with several coactivators [85], undergoes serine

phosphorylation and seems to regulate the stability of some STAT proteins [86].
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7. Negative regulation of STAT activation

STAT activation is transient and tightly regulated since constitutive activation of
several STAT molecules is oncogenic (Chapter 1-13). Negative regulators of STAT
signaling are present both in the nucleus and the cytoplasm.

The nuclear regulators of STAT signaling include nuclear phosphatases and
Proteins that Inhibit Activated STATs (PIAS). The nuclear tyrosine phosphatase TC45,
has been implicated in dephosphorylation of STAT1 and 3 [87]. PIAS proteins have been
shown to interact with STAT1 and 3 in mammalian cells and block DNA binding, in vitro
[88]. Moreover, genetic studies in Drosophila suggest that PIAS could modulate STAT
activity in vivo [57].

The cytoplasmic regulators include phosphatases and SOCS family proteins.
SHP1, SHP2, CD45 and PTP1B, promote tyrosine dephosphorylation of the receptor and
the kinase, therefore preventing further STAT tyrosine phosphorylation [81, 89-91]. The
SOCS family proteins, that include SOCS1-4 and CIS, are part of the negative feedback
loop initiated by receptor signaling. They are transcriptionally induced upon STAT
activation and act on the activated receptor, the JAK kinase and STATs [92]. The SOCS
family proteins act through three different mechanisms: 1) N-terminal inactivation of
JAKSs by binding to their catalytic pocket [93, 94]; 2) Receptor association. By binding to
tyrosine phosphorylated receptors they compete with STATs and therefore prevent
further STAT activation [95, 96]; 3) SOCS-box mediated proteasomal degradation.
SOCS proteins act as adaptors for E3 ubiquitin ligase complexes, mediating

ubiquitination and degradation of JAKs [42, 97-99].
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8. Conformational reorientation during STAT phosphorylation/ dephosphorylation
cycle

STAT molecules were originally reported to be monomeric in their inactive form
[100]. However, several studies indicated the presence of unphopshorylated STAT
dimers in the cytoplasm of unstimulated cells. Unphosphorylated STAT3 was shown to
form stable homodimers [101], as well as higher order complexes called the statosomes
[102], by size exclusion chromatography. Unphosphorylated STAT1 could be
coimmunoprecipitated with STAT2 and STATS3, in absence of cytokine stimulation [103,
104]. Moreover, studies using surface plasmon resonance and other methods
demonstrated that inactive STAT1 was mainly dimeric [105].

Yeast two-hybrid analysis showed the formation of unphopshorylated STAT4
dimers in absence of cytokine stimulation [106]. Importantly, mutations in the ND
dimerization interface of STAT4 impaired the formation of unphosphorylated STAT4
dimers and prevented cytokine-mediated phosphorylation, suggesting a role for ND-ND
interactions in the formation of unphosphorylated STAT dimers. ND-ND interactions
were found to be homotypic for all STATSs except STAT2 [106]. The interaction between
NDs was also supported by the observation that isolated STAT NDs are present in
solution as homodimers [107, 108].

Comparison of the crystal structure of unphosphorylated STAT1 [80] and STAT5
[109] with the previously available structures of phosphorylated STAT1 and 3 (Chapter I-
6), revealed that unphosphorylated dimers were rearranged differently in space than the

phosphorylated ones, with the SH2 domains located at opposite ends of the dimer (Figure
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1.5A). Unphosphorylated dimers where stabilized by interaction between the CCD of one
monomer and the DBD of the other, as well as by reciprocal interaction between the
NDs. The phosphorylated dimers were referred to as “parallel”, because the SH2 domains
are at the same end of the tyrosine-phosphorylated structure, while the unsphosphorylated

dimers were referred to as “antiparallel” (Figure 1.5B).
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Figure 1.5 Phosphorylated and unphosphorylated STATs conformation and
structure. (A) Crystal structure of phosphorylated (bottom left) and unphosphorylated
STAT1 (right). (B) Three potential dimerization interfaces between the two monomers
have been identified: the reciprocal pY-SH2 interaction in the parallel, phosphorylated
dimer and the ND-ND interaction as well as the CCD-DBD interaction in the antiparallel,
unphosphorylated dimer. The white circle represents the unphosphorylated tyrosine,

while the red circle indicate the phosphorylated tyrosine (PY).
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Figure 1.5
A

Reprinted from [Molecular Cell], Volume 17, Mao X et al., Structural bases of unphosphorylated STAT1 association and
receptor binding, Pages: 761-71 [80] Copyright (2005), with permission from Elsevier.

B

Reprinted from [Genes & Development], Volume 20, Mertens C et al., Dephosphorylation of phosphotyrosine on STAT1
dimers requires extensive spatial reorientation of the monomers facilitated by the N-terminal domain, Pages 3372-81 [110],
Copyright (2006), with permission from Cold Spring Harbor Laboratory Press.
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Mutagenesis studies, performed to disrupt the interaction between the NDs (F77A and/or
L78A) or the CCD and the DBD (F172W) in STAT1, showed absence of
unphosphorylated dimers and a persistent STAT1 phosphorylation phenotype,
characterized by prolonged phosphorylation in IFNy-stimulated cells and resistance to
TC45 phosphatase treatment in vitro [111]. A similar persistent phosphorylation
phenotype was previously observed upon partial deletion of the ND of STAT1 [112] and
following substitution of STAT1 ND with the ND of STAT2 or STAT5S in a STAT1
chimera [113], suggesting that the STAT ND plays a central role in the
phosphorylation/dephosphorylation cycle. These findings led to the hypothesis that, upon
DNA dissociation, phosphorylated STAT dimers undergo a conformational change from
parallel to antiparallel, to expose the phosphorylated tyrosines to phosphatases for
dephosphorylation.

Experiments with differentially tagged monomers showed that there is no
exchange of partners in a dimer during the phosphorylation/dephosphorylation cycle,
suggesting that the conversion from parallel to antiparallel dimers must occur through
reorientation, without dissociation of the monomers [110]. Moreover, shortening of the
flexible tether that connects the ND to the core caused a persistent phosphorylation
phenotype, indicating that the tether was required for the conformational reorientation.
These findings led to the development of a mechanistic model for the conformational
reorientation of the dimer in which following DNA dissociation, interacting NDs could
disrupt the pY-SH2 interaction, possibly by binding to the body of the phosphorylated

molecule. Subsequent rotation of the dimer, stabilized by the ND-ND interface, could
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facilitate the interaction between the CCD of one monomer and the DBD of the other,
stabilizing the antiparallel dimer and providing an accessible substrate for phosphatases

(Figure 1.6).
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Figure 1.6 Model of STAT dephosphorylation by conformational reorientation.
Three dimerization interfaces between the two monomers have been proposed: 1)
reciprocal PY-SH2 interaction in the phosphorylated parallel dimer; 2) ND-ND
interaction and 3) CCD-DBD interaction in the unphosphorylated antiparallel dimer.
Upon dissociation from the DNA (surrounded by the nuclear membrane) phosphorylated
(the red circle represents the phosphorylated tyrosine (PY)) parallel STAT dimers
undergo a conformational reorientation, involving the contact between interacting NDs
and the body of the molecule (aimed at disrupting the PY-SH2 interaction) followed by
rotation. The reorientation leads to the formation of an antiparallel dimer that is
accessible to phosphatase (P’ase) and can be dephosphorylated and exported to the

cytoplasm.
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Figure 1.6

Reprinted from [Genes & Development], Volume 20, Mertens C et al., Dephosphorylation of phosphotyrosine on STAT1
dimers requires extensive spatial reorientation of the monomers facilitated by the N-terminal domain, Pages 3372-81 [110],
Copyright (2006), with permission from Cold Spring Harbor Laboratory Press.
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9. STATS5 and erythropoiesis

STATS was first identified in mammary tissue from lactating sheeps as Mammary Gland
Factor (MGF), a transcription factor activated by the prolactin receptor and responsible
for the expression of milk protein genes in mammary epithelium [114]. The search for the
mouse homolog led to the discovery of STAT5A and a closely related protein, STAT5B
[115-117]. STATS5A and STATSB are encoded by two genes, located next to each other
in opposite orientation on chromosome 11 (in mice) and chromosome 17 (in humans), in
the same locus as the Stat3 gene. STAT5A and STATSB are highly homologous with
96% identity at the protein level. The three-dimensional structure of the
unphosphorylated STATS5A core fragment showed similarity to other members of the
STAT family [109]. STATS5 regulates hematopoiesis, reproductive system development
and mammary gland development (STAT5A) as well as body growth (STAT5B) [68-70,
118-121]. Moreover, STAT5 is constitutively activated in many leukemias and
myeloproliferative syndromes, and its constitutive activation is sufficient for
hematopoietic cell transformation [122-125].

STATS is a central player in EpoR signaling and a critical regulator of
erythropoiesis. Mice lacking STATS exhibit severe anemia and die perinatally [68],

whereas mice hypomorphic for STATS, in which the first exon of each STAT5 gene has

AN/AN

been deleted (Statb ), survive to adulthood but show a defective response to

erythropoietic stress [119, 126-129]. In erythroblasts, STATS5 is a key mediator of cell
survival through induction of B-cell lymphoma-extra large (Bclx.) [130], an

antiapoptotic molecule of the Bcl2 family. Bclx.” mice die at day E12.5 due to severe
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anemia and brain defects, despite the fact that the number of BFU-e, CFU-e and
erythrolasts is normal [131]. On the other hand, exogenous expression of human Bclx, in
murine erythroblasts allows Epo-independent differentiation [132]. However, STATS is
not the only transcription factor that mediates Bclx, induction in erythropoiesis: GATAL
also participates in the induction of Bclx, expression [133]. Moreover, it has recently
been shown that STATS controls the induction of erythroblast CD71 in fetal liver tissue

[119, 134].

10. Erythropoietin-mediated STAT5 activation in cell lines.

The current knowledge of STATS5 activation downstream of the EpoR is based on
in vitro studies using cell culture systems. The ability of Epo to induce tyrosine
phosphorylation of STAT5 via JAK2 was first shown in CTLL-2 cell lines transfected
with EpoR [135]. The DNA binding activity of STAT5 in response to Epo has been
reported in COS cells transfected with EpoR and STAT5S and in several hematopoietic
cell lines [25, 136, 137]. Moreover, in vitro kinase assays and studies using EpoR
mutants showed that Jak2 is required for STATS phosphorylation [138]. Transfection of
several EpoR mutants in multiple cell lines demonstrated that STATS phosphorylation
was mediated primarily through Y343, although other EpoR tyrosines could substitute for
its absence [24-26]. Y401 of the EpoR was, in fact, sufficient to mediate maximal STAT5
activation (both phosphorylation and DNA binding activity) upon Epo stimulation, while
Y429 and Y431 were shown to activate STATS to an intermediate level [25, 26]. On the
other hand, cells transfected with the EpoR F8 mutant, in which all tyrosines were

mutated to phenylalanine, activated STAT5 at low levels in response to high Epo
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concentrations, suggesting that JAK2 could directly phosphorylate STATS in cells
containing an EpoR without any tyrosine [24, 34].

Despite the numerous studies in cell lines, STAT5S phosphorylation at the single
cell level, in primary erythropoietic tissue, has not yet been analyzed, due to technical
limitations. Based on previous studies (Chapter 1-11), the importance of analyzing

signaling at the single cell level has emerged.

11. Signaling dynamics in biology

Previous studies have shown that a signal transduction pathway can specify
multiple biological functions, in different cell contexts or within the same cell. For
example, the Raf/Mek/Erk cascade can cause proliferation in tissue culture cells,
differentiation or proliferation in PC12 cells [139, 140], activation of Cdc2-cyclinB
complexes in oocytes [141], and fate determination in developing embryos [142].
However, it is still unknown how signaling specificity for a given downstream outcome is
determined.

The dynamics of the signal, more precisely the way it varies with time and
stimulus strength, could specify its function in situations where different stimuli that
converge on the activation of an identical signaling molecule generate distinct functional
outcomes within the same cell. For example, in PC12 cells EGF stimulation causes cell
proliferation through transient Erk activation whereas NFG treatment leads to neurite
outgrowth and differentiation through sustained Erk signaling [143-145]. Therefore,
understanding signal dynamics could help us gain insights in the determinants of

signaling specificity.



33

Signal characteristics can change with time (sustained versus transient signaling)
and dose (graded versus  switch-like  response). For example, a
phosphorylation/dephosphorylation reaction can exhibit a graded, switch-like or bistable
response (Figure 1.7). The various types of signaling responses are described in more
detail below.

A graded response is characterized by a hyperbolic stimulus response curve,
described by the Michaelis-Menten equation: at low stimulus concentration the response
increases linearly with the stimulus and then it levels off (Figure 1.7b). A switch-like
response, on the other hand, is characterized by a sigmoidal stimulus response curve,
described by the Hill equation, in which the Hill coefficient (ny), that is bigger than 1, is
an indicator of how switch-like the response is (Figure 1.7¢).

A switch-like type of response has a built-in threshold: at low stimulus
concentration there is almost no response, but once the threshold is reached the system
flips from “off” to “on” over a very narrow range of doses (Figure 1.7d) [146]. In 1982,
Goldbeter and Koshland proposed the term “ultrasensitivity” to describe systems that are
characterized by a sigmoidal stimulus response curve [147]. Cooperative enzymes are the

best example of an ultrasensitive system.
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Figure 1.7 Summary of different types of signaling responses. (a) Scheme of the
phosphorylation/dephosphorylation reaction. (b) Graded response: characterized by a
hyperbolic stimulus response curve, described by the Michaelis-Menten equation. (c)
Switch like response: characterized by a sigmoidal stimulus response curve, described by
the Hill equation, with a Hill coefficient (ny) bigger than one. It has a built-in threshold
that determines the ultrasensitivity. Systems described by a sigmoidal response curves are
defined as ultrasensitive. (d) Bistable response: characterized by ultrasensitivity and

positive feedback.



35

Figure 1.7

Reprinted from [Trends in Biochemical Sciences], Volume 23, Ferrell JE, How regulated protein translocation can produce
switch-like responses, Pages: 461-5 [148], Copyright (1998), with permission from Elsevier.
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Similarly to a switch-like response, a bistable response exhibits ultrasensitivity. In
addition, bistable systems are characterized by the presence of two stable states,
hysteresis and a positive feedback loop [148]. Hysteresis is the memory for a transient
stimulus (Figure 1.8A). When a system exhibits hysteresis, the stimulus history
influences the response. In particular, the stimulus response curve varies based on
whether the system was previously exposed to the stimulus or never stimulated before. In
an hysteretic system it is easier to maintain the system in its stable state than to flip it
from one state to the other [149]. A non-biological example of hysteresis is a light switch:
once the switch is ‘on’ it is not going to switch itself ‘off’. By contrast, a non-hysteretic
system, such as a doorbell, needs somebody to be continuously pushing at it, in order to
be active. The positive feedback loop, which can be generated by multiple mechanisms,
ensures that the system does not rest in intermediate states, and therefore contributes to
the generation of two stable states.

Xenopus laevis oocyte maturation is an example of a bistable system. In Xenopus
oocytes, Erk2 activation converts a continuously variable stimulus, progesterone
concentration, into an “all or none” biological response, oocyte maturation [150].
Intracellularly, Erk2 activation is bistable as a result of intrinsic ultrasensitivity and
positive feedback [150-157]. Erk2 participate in the positive feedback by regulating the
protein stability of its activator, Mos [158-161]. The ultrasensitivity of the cascade helps
setting the threshold for the activation of the positive feedback, whose role is to ensure
the oocyte does not dwell in intermediate states of Erk2 phosphorylation. A combination

of ultrasensitivity and the presence of a positive feedback loop, often observed in bistable
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systems, helps to filter out “noise” while allowing a decisive response (Figure 1.8B).
Similar mechanisms underlie several “all or none’ phenomena, such the generation of

action potential in neurons and the lysis-lysogeny switch in E. Coli infection by phage

lambda [162].
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Figure 1.8. Components of bistatble systems. (A) Hysteresis: memory for a transient
stimulus. Representation of the activity as a function of stimulus concentration: if the
system has been stimulated before, it will stay on until the stimulus is decreased to a
concentration that is well below (dotted line on the “coming down” curve) the one that
set the system on initially (dotted line on the “going up” curve). (B) The combination of
ultrasensitivity and positive feedback allows for a bistable response. The graph represents
calculated stimulus response curves for MAPK phosphorylation assuming one of the two
components is present, none is present or both are present. The x-axis represents the
concentration of Mos, the progesterone-activated MAP kinase, which is upstream of
Erk2. The y-axis represents the phosphorylation of Erk2. When none of the two
components is present the response looks graded. When only ultrasensitivity is present
the response is not decisive. When only positive feedback is present the system is
activated by noise (lack of a threshold). When both components are present the response
is decisive above a threshold of activation (set by the ultrasensitivity). The combination

of the two characteristics leads to a true switch.
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Figure 1.8
A

Reprinted from [Current Opinion in Cell Biology], Volume 14, Ferrell JE, Self-perpetuating states in signal transduction:

positive feedback, double-negative feedback and bistability, Pages: 140-8 [148], Copyright (2002), with permission from
Elsevier.

B

From Ferrell JE et al., The biochemical basis of an all-or-none cell fate switch in Xenopus oocytes, Science, 280: 895-8 [150],
Copyright (1998). Reprinted with permission from AAAS.
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The advantage of the Xenopus laevis oocyte system is the ability to study signal
transduction at the single cell level. The response of a population of cells does not always
reflect the response of individual cells, especially when the cells differ, for example, with
respect to the threshold of activation. In the case of Xenopus oocyte maturation, at the
level of the population the response to progesterone is graded, with the number of
oocytes that undergo maturation being proportionally related to the amount of
progesterone. However, within each oocyte the response is “all or none” [150, 163, 164].
Recent advances in flow cytometry led to the development of a new method to
perform quantitative studies of cellular signaling within rare cell populations of primary

cells, facilitating the study of signaling dynamics in biological systems (Chapter 1.12).

12. Development of a new flow-cytometric method to study protein phosphorylation
at the single cell level

The most commonly used methods to study protein phosphorylation are western
blot and immunoprecipitation. However, these biochemical techniques suffer several
limitations, such as requirement of a large number of cells, the inability to analyze
heterogenous cell populations, and lack of single cell resolution.

The recent development of phospho-flow cytometry, a flow cytometric method
used to study the phosphorylation status of signaling molecules in single cells, has
revolutionized the study of cellular signaling [165-170]. This method offers several
advantages compared to traditional biochemical approaches, such as 1) requirement of a

small number of cells; 2) ability to discriminate cell subsets by simultaneous staining for
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the cell surface markers and the phospho-protein of interest; 3) single cell resolution,
which allows quantitative analysis of protein phosphorylation.

Cells are stimulated with the growth factor of interest, fixed to freeze the
phosphorylation status of the signaling molecule, permeabilized to allow access of the
phospho-antibody within the cell, and simultaneously stained with the phospho-antibody
and antibodies against the cell surface markers of interest. One of the biggest challenges
of this technique is to preserve the integrity of the cell surface markers during the fixation
and permeabilization step. However, the benefits that this method offers definitely
outweigh the efforts required for its optimization.

We adapted this technique to the flow cytometric method developed in our
laboratory (Chapter I-2 and Chapter 1V) to study STAT5S activation, at the single cell

level, in freshly isolated erythropoietic tissue.
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13. STATS5 and cancer

Among all the STAT molecules, STAT3 and STAT5 are frequently over-
activated in cancer. STATS5 is consitutively activated in a variety of human solid tumors
such as breast cancer [171, 172], head and neck cancer [173, 174]; in blood malignancies,
such as chronic myeloid leukemia (CML) [175-177], acute myeloid leukemia (AML)
[175, 178], acute lymphoblastic leukemia (ALL) [175, 178]; as well as in
myeloproliferative disorders (MPD) [179-181]. The V617F mutation in JAK2, found in
many patients with polycytemia vera (PV), has been associated with constitutive STAT5
activation [182-186].

Naturally occurring mutations in the Stat5 gene have not been identified.
Constitutive STATS activation usually occurs downstream of over-active kinases that are

the result of genetic or epigenetic abnormalities. In the Drosophila larvae, mutations

Tum-| 742)

responsible for constitutive activation of the JAK kinase hopscotch (hop and hop
allow the formation of melanotic tumors and cause a leukemia-like excessive
proliferation of hemocytes [187, 188]. D-STAT, which is very similar to STATS, is
hyperactivated in hopT“m" larvae and is required for tumor formation [189, 190]. In
mammals, an example of constitutively active kinase of which STATS is a target [122,
177, 191, 192], is the BCR-ABL kinase, a fusion protein consisting of Ableson leukaemia
protein (ABL) kinase and the breakpoint-cluster region (BCR), that has been shown to
cause CML [193]. The TEL-JAK fusion protein, that causes a myelo- and lympho-

proliferative disease, also leads to constitutive STATS activation [194]. Moreover,

STATS is constitutively activated by the FMS-like tyrosine kinase 3 (FLT3) receptor
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tyrosine kinase in AML [195] and its activation is blocked by a FLT-3 specific inhibitor
[196]. STATS is required for the BCR-ABL [197-200] and TEL-JAK mediated
leukemogenesis [179]. Furthermore, a constitutively active STAT5 mutant is sufficient to
cause leukemia in a bone marrow transplantation model [125, 179]. These findings
suggest that STATS plays a very important role in leukemogenesis.

Therefore, understanding STATS signaling in a physiological context can help us
gain insights into the regulation of its activity during malignant transformation and design
targeted therapies. The currently available drugs aimed to inhibit STAT5 in leukemia are
small molecule inhibitors of the upstream kinases [196, 201]. Targeting STAT proteins
directly, ideally through small molecule inhibitors, will increase the treatment specificity,

minimize the off-target effects and increase the efficacy.
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Aims of the study

Epo concentration in serum spans three orders of magnitude from 10
milliunits/mL in the basal state, to 10 units/mL during hypoxic stress, when it drives a
sharp increase in the rate of red blood cells formation (Chapter 1-1). However, the
mechanisms responsible for modulating the erythropoietic rate are largely unknown. Epo
acts on erythroid progenitors by binding to the EpoR and initiating intracellular signaling.
Among the several signaling molecules activated downstream of EpoR, STATS5 plays a
central role in both basal and stress erythropoiesis (Chapter 1-3 and 1-9). Therefore, we
hypothesized that dynamic changes in Stat5 signaling are responsible for modulating the
erythropoietic rate within a broad range of Epo concentrations.

Our knowledge of STATS5 activation downstream of the EpoR, is mainly based on
in vitro studies using cell culture systems (Chapter 1-10). Previous studies exploring the
dynamics of signaling in Xenopus laevis oocytes highlighted the importance of
investigating signaling at the single cell level (Chapter 1-11). However, due to technical
limitations of the traditional biochemical approaches to study signal transduction
(Chapter 1-12) STAT5S phosphorylation at the single cell level, in primary erythropoietic
tissue, has not yet been analyzed.

To understand how intracellular STAT5 signaling translates the wide range of
Epo concentrations into the correct erythropoietic rate, we combined a flow-cytometric
assay that allows identification of stage-specific erythroblasts in primary erythropoeitic
tissue (Chapter I-2 and Chapter Ill) with flow-cytometric measurements of STAT5

phosphorylation with single cell resolution (Chapter 1-12). We aimed to define the
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identity and spectrum of erythroblasts in which STAT5 is phosphorylated downstream of
EpoR and to study the dynamics of STATS5 signaling during basal and stress
erythropoiesis.

The significance of our study extends beyond erythropoiesis. STAT5 has been
shown to play a central role in leukemogenesis (Chapter 1-13). Therefore, studying the
dynamics of STATS5S signaling in primary tissue could help us gain insights in the
regulation of erythropoiesis as well as understand the mechanisms of malignant
transformation.

The next chapter, Chapter Il, represents the main body of work in this thesis. It
describes the identification of two modes of STATS signaling in erythroblasts, digital and
analog signaling, which are required for basal and stress erythropoiesis, respectively.
Moreover, it investigates in detail the molecular mechanisms underlying the generation of
these two modes of STATS signaling. The subsequent chapter, Chapter 111, describes the
flow cytometric method developed in our laboratory to identify erythroblasts within
freshly isolated erythropoietic tissue. The last chapter summarizes the main findings and
discusses future directions.

Appendix | describes the in vivo study of the dynamic responses of two survival
pathways, the Bcl-x. and Bim pathways, during erythropoietic stress. Moreover, it
investigates the molecular mechanisms responsible for these dynamic behaviors. Bcl-x.
is a STATS target gene. In order to understand the molecular mechanism of Bcl-x.
response to erythropoietic stress, | investigated STAT5 signaling in vivo using models of

acute and chronic erythropoietic stress, as well as two knock-in mice, EpoR-HM and
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EpoR-H mice, which lack the cytoplasmic regulatory domain of the EpoR but differ by
one essential tyrosine residue, Y343 (Chapter 1-4). We found that the dynamics of
STATS activation paralleled the one of Bcl-x. response, although on two different time
scales, indicating that STATS signaling behavior during erythropoietic stress dictates

Bcl-x. dynamics.
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CHAPTER II: Autocatalytic activation of Stat5 underlies
bistability and binary signaling

Introduction

Healthy individuals at sea level continuously generate red blood cells at a rate of
2.5 million per second, in a process known as ‘basal erythropoiesis’ that is essential to
life. Erythropoiesis increases by up to 10 fold its basal rate in response to hypoxic stress,
as may occur at high altitude, or in response to anemia or hemorrhage. The wide dynamic
range of erythropoietic rates is regulated by the hormone Erythropoietin (Epo), whose
concentration in blood spans a remarkable, three-orders of magnitude range, from ~0.01
U/ml in the basal state to 10 U/ml in extreme stress. Epo exerts its effects by binding to
its receptor, EpoR, a transmembrane homodimer of the cytokine receptor superfamily
expressed by erythroid progenitors [20]. Epo binding to EpoR results in activation of
Jak2, a cytoplasmic tyrosine kinase closely associated with the EpoR, and in
phosphorylation of EpoR cytoplasmic-domain tyrosines that act as docking sites for Stat5
and other signaling molecules [202].

A key challenge lies in understanding how EpoR signaling encodes extracellular
Epo concentration, specifying a given erythropoietic rate from within the wide range of
rates spanning basal and stress erythropoiesis. Here we addressed this question by
studying Stat5, which, as suggested by mouse genetic models, is a key mediator of both

basal and stress erythropoiesis. Stat5-null mice die perinatally due to anemia, suggesting
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an inability to sustain basal erythropoiesis; while mice hypomorphic for Stat5 are
deficient in their response to erythropoietic stress [119, 126-128].

Stat5 functions are due to two highly homologous proteins, Stat5a and Stat5b, of
the Signal Transducers and Activators of Transcription (STAT) family. STAT proteins
are latent cytoplasmic transcription factors that become activated by phosphorylation of a
C-terminal tyrosine in response to a variety of extracellular signals [84, 203]. Stat5 is a
key mediator of cell survival in erythroblasts and other hematopoietic progenitors; it is
also implicated in the regulation of the cell cycle and in leukemogenesis [119, 126-128].

Stat5 shares the conserved STAT protein domain structure. An N-terminal
domain (ND) is connected via a flexible ‘tether’ to the molecule’s core containing the
DNA-binding (DBD) and a coiled-coil (CC) domains. A C-terminal SH2 domain binds to
phosphorylated YXXL motifs on the activated EpoR, facilitating phosphorylation of
Stat5’s C-terminal tyrosine. The newly phosphorylated Stat5 (p-Stat5) dissociates from
the EpoR, homodimerizes via reciprocal interactions between the C-terminal tyrosines
and the C-terminal SH2 domains, and relocalizes to the nucleus where it activates
transcription.

Although it has long been known that active STATs form ‘parallel” homodimers,
with both SH2 domains and both C-terminal tyrosines at the same end of the dimeric
complex, recent crystallographic and functional studies show that inactive STATS also
form dimers. However, inactive dimers are in an ‘anti-parallel’ conformation, with the
two SH2 domains at opposite ends of the dimeric complex. The inactive anti-parallel

dimers are held by reciprocal CCD and DBD interactions and by ND dimerization [80,
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109]. STAT dimers do not dissociate during the phosphorylation/dephosphorylation
cycle, which must therefore entail radical reorientations between the anti-parallel and
parallel dimer conformations [110]. The functional implications of these conformational
reorientations to the dynamics of STAT activation are not clear.

Here we set out to investigate whether the dynamic properties of the Stat5 signal,
namely, the manner with which it varies with stimulus strength or with time, might
somehow specify erythropoietic rate. Previously, distinct dynamic forms of both the ERK
and the Ras signals have been shown to specify distinct cellular responses [204] [205].
The dynamic form of a signal, however, is often masked when measured in large
populations of cells with inherently variable responses. Analysis of a signal’s dynamic
properties therefore requires measurement in single cells.

Here we combined a flow-cytometric assay that allows identification of
differentiation-stage-specific erythroblasts in primary tissue [14, 127, 206] with single-
cell flow-cytometric measurement of Stat5 phosphorylation in wild-type and mutant mice
[207]. We found that Stat5 activation is bistable, a consequence of an autocatalytic
interaction between active and inactive Stat5 that promotes Stat5 activation and that is
mediated via the Stat5 N-terminal domain (ND). Bistable activation gives rise to a low-
intensity binary Stat5 signal in mature erythroblasts, that is both necessary and sufficient
for mediating Stat5 functions in basal erythropoiesis. By contrast, stress levels of Epo
generate a much higher, graded Stat5 signal unique to early erythroblasts. We show that
higher Stat5 expression is the key factor that allows p-Stat5 to increase beyond its low-

intensity bistable activation level in early progenitors during stress. The combination of a
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low-intensity but decisive, bistable signal in response to basal Epo, together with a
further graded increase in p-Stat5 in response to stress, ensures high fidelity Statb
signaling throughout the wide basal and stress range of Epo concentrations. Further,
based on our results, we expand the previously proposed hypothesis suggesting STAT
conformational reorientation during its phosphorylation/dephosphorylation cycle [110].
We propose that the ND of active Stat5 molecules facilitates this conformational

reorientation in trans, underlying autocatalysis and bistability.
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Results

Flow cytometric measurement of phosphorylated-Stat5 (p-Statb) in primary

erythroblasts

Murine erythropoiesis takes place in fetal liver between embryonic days 12 (E12) and 15,
and in adult bone marrow and spleen. We used cell-surface markers CD71 and Ter119 to
identify stage-specific erythroid progenitors directly within primary tissue [14, 206, 208].
The CD71/Ter119 epitopes are preserved following cell fixation and permeabilization,
which are required in order to measure intracellular p-Stat5 (Figure 2.1A). This allowed
us to sub-divide fetal liver into several erythroid differentiation subsets, labeled SO to S3
(Figure 2.1A left panel). The earliest erythroid progenitors are found in the SO subset,
where they form =70% of all SO cells. Subsets S1 to S3 are composed entirely of Epo-
dependent erythroblasts, with the least mature in S1 and the most mature in S3; the S3
subset is further divided into earlier, large cells and later, small cells (Figure 2.1A).
Intracellular Stat5 activation was measured following cell fixation and permeabilization
with an AlexaFluor 647-conjugated antibody directed against the tyrosine-phosphorylated
Stat5. An Epo-dependent p-Stat5 signal was obtained in wild-type, but not in Stat5™,
fetal liver (Figure 2.1B, upper panels). Further, the p-Stat5 signal was lost if, following
Epo stimulation, fixed cells were incubated with A phosphatase (Figure 2.1B, lower
panels). Therefore, the p-Stat5 signal is specific to the active, phosphorylated-Stat5.
Work below (Figure 2.9A) also confirmed, with the use of a Stat5 mutant, that the signal

is specific to the phosphorylated, C-terminal Y694 residue.
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Erythroid maturation determines the p-Stat5 response

We stimulated freshly isolated fetal liver cells with Epo and examined the resulting p-
Stat5 response (Figures 2.1C-E, 2.2A). Specifically, we measured three aspects of the p-
Stat5 fluorescence signal (Figure 2.1C). First, ‘total p-Stat5’ corresponds to the p-Statb
median fluorescence intensity (MFI) of the entire cell population in a subset; the total p-
Stat5 MFI of all the S3 cells in the red histogram, upper panel of Figure 2.1C, is 1200
fluorescence units. This measure includes both signaling and non-signaling cells in the
subset. Second, we measured the number of ‘p-Stat5 positive’ (p-Stat5™) cells, or the
fraction within the p-Stat5" gate (Figure 2.1C, lower panel), as an estimate of the number
of signaling cells within the subset. The placement of the p-Stat5" gate was determined
by reference to the baseline, pre-stimulation histogram (black histogram, Figure 2.1C
lower panel), which was closely similar to that of cells stained with an AlexaFluor 647-
conjugated isotype-control antibody in place of the anti-p-Stat5 antibody. Last, we
measured the ‘p-Stat5 in p-Stat5™ cells’, which estimates the p-Stat5 MFI in signaling
cells only (Figure 2.1C lower panel, where p-Stat5 in p-Stat5” cells is 1700 fluorescence
units).

We examined the p-Stat5 response to Epo at 15 minutes post stimulation, when a peak
response is attained and persists for 15-30 minutes (see time course of activation, Figure
2.2B). The p-Stat5 signal intensity was clearly dependent on erythroblast maturation
stage, being highest in S1, and decreasing with erythroid maturation through subsets S2
and S3. In the earliest, SO subset, only ~25% of cells responded to Epo, suggesting that

the p-Stat5 response to Epo is enabled with the onset of Epo dependence at the transition
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from SO to S1 (Figures 2.2A, 2.2C; [208]). We contrasted the detailed responses of
earlier, S1 cells with those of more mature, S3 cells. Figure 2.1D shows the p-Stat5
response, measured as delineated in Figure 2.1C, to Epo concentrations spanning the
physiological (<0.05 U/ml) and hypoxic-stress range (0.05 to 10 U/ml). S1 cells
generated a graded increase in total p-Stat5 (Figure 2.1D, upper panel), which reflected a
graded increase in both the number of signaling cells (p-Stat5" cells, Figure 2.1D middle
right panel) as well as in the MFI of signaling S1 cells (Figure 2.1D, lower right panel).
By contrast, the highest total p-Stat5 MFI attained by *S3 large’ (=*S3’) cells was =4 fold
lower than in S1. Although S3 cells also showed a graded increase in total p-Stat5 MFI
with Epo stimulation, this was principally a result of a graded increase in the number of
p-Stat5” cells, while the p-Stat5 MFI of signaling p-Stat5”™ cells showed relatively little
variation (Figure 2.1D lower panel). A summary of five independent experiments for all
erythroid subsets shows that these dose/response characteristics are reproducible, and that
the decrease in total p-Stat5 signal intensity from S1 to S3 occurs gradually as cells

mature (Figure 2.1E).
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Figure 2.1  The p-Stat5 response in fetal liver.

(A)  Flow cytometric method of identifying differentiation-stage-specific erythroblasts
directly in freshly isolated fetal liver. Fetal livers from E13.5 embryos were fixed and
permeabilized in preparation for intracellular p-Stat5 measurements, and labeled with
antibodies directed at cell-surface CD71 and Ter119. Subsets SO to S4 (left histogram)
contain erythroblasts of increasing maturation, as seen from the morphological
appearance of cytospin cell preparations from each subset (stained with Giemsa and
diaminobenzidine). The right histogram shows the further division of S3 cells into small
and large subsets based on the flow-cytometric “forward scatter’ parameter.

(B)  Specificity of the Alexa 647-conjugated anti-p-Stat5 antibody (BD Biosciences #
612599). Upper panels: response of S1 cells from either wild-type or Stat5™ fetal livers to
Epo stimulation (2 U/ml) for 15 minutes (red histograms). Blue histograms are baseline
fluorescence in the absence of Epo. Lower panels: Epo-stimulated (2 U/m; 15 minutes,
red histograms) or unstimulated (blue histograms) S1 cells in wild-type fetal liver, either
treated or untreated with A-phosphatase prior to p-Stat5 staining. Numbers in all panels
indicate the fraction (%) of p-Stat5” cells within the indicated horizontal gates.

(C)  MHlustration of the three measures used to analyze the p-Stat5 response to Epo
stimulation (9 U/ml, 15 minutes, red histogram) in S3-subset erythroblasts. The black
histogram corresponds to pre-stimulation cells of the same subset.

(i) ‘total p-Stat5 median fluorescence intensity (MFI)’ (upper panel): the p-Stat5 MFI of
the entire S3-subset population, represented by the shaded red histogram. This measure
does not distinguish between signaling and non-signaling cells. The black histogram
corresponds to the unstimulated S3 subset population.

(i) ‘p-Stat5™ cells(%)’ (lower panel): cells within the p-Stat5™ gate, shaded in red,
expressed as a fraction (percent) of all cells in the Epo-stimulated S3 subset. This is an
estimate of the number of signaling cells. The placement of the p-Stat5" gate was
determined by reference to the baseline, pre-stimulation histogram (in black), so that no

more than 1% of the unstimulated population is included within the p-Stat5" gate.
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(iii) ‘p-Stat5 in p-Stat5™ cells’ (lower panel): estimates the p-Stat5 MFI in signaling cells
only.

(D)  Response of cells in subsets S1 and S3 to stimulation with Epo. Freshly isolated
fetal liver cells were deprived of Epo for 90 minutes and were then stimulated with a
range of Epo concentrations as indicated, from 0.004 to 9 U/ml, for 15 minutes. Colored
flow-cytometry histograms correspond to Epo-stimulated cells, black histograms in each
panel correspond to unstimulated cells (Epo=0). An overlay of the responses is shown in
the two lowest panels.

For each Epo concentration, three measures of the p-Stat5 response, as illustrated in ‘C’,
are noted next to each flow-cytometry histogram in blue, black and green, corresponding
to the total p-Stat5 MFI, to the p-Stat5" cells (%), and to the p-Stat5 in p-Stat5™ cells,
respectively. Each of these measures is then plotted as a function of Epo concentration
(right panels); the color of each symbol in these plots corresponds to the color of the
respective flow-cytometry histogram for the same Epo concentration.

(E) The p-Stat5 reponse to a range of Epo concentrations at 15 minutes post
stimulation. Summary of five independent experiments similar to 1D. Data (mean = SE)
for each experiment were normalized by expressing each p-Stat5 MFI reading as a ratio
to the p-Stat5 MFI in p-Stat5” cells of the ‘S3 large’ subset following stimulation with 1
U/ml Epo for 15 minutes. Data in the upper two panels were fitted with Hill curves.
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Figure 2.2: The p-Stat5 response in fetal liver and in adult tissue.

(A)  The p-Stat5 response of fetal liver subsets SO to S3 to Epo (2 U/ml, 15 minutes).
Freshly isolated fetal liver cells were deprived of Epo for 90 minutes and were then
stimulated. Cells were labeled for CD71, Ter119 and p-Stat5.

(B)  Time-course of the p-Stat5 response to Epo (2 U/ml for up to 6 hours). Each of
the three measures used to assess the p-Stat5 response (Figure 2.1C) is plotted versus
time. Representative of 5 similar experiments.

(C)  Representative responses of SO cells to stimulation with a range of Epo
concentrations for 15 minutes. Flow-cytometry histogram overlay is shown. Even at the
highest Epo concentrations, only 20 to 30% of SO cells are responsive to Epo. For
responding cells, the p-Stat5 MFI increases with Epo concentration, in the manner seen
for S1 cells.

(D-1) Time course of the p-Stat5 response to Epo stimulation in vivo, in adult mouse
bone-marrow and spleen. Mice were injected with Epo (300U/25g mouse
subcutaneously). Bone marrow and spleen were harvested at the indicated time points for
up to 16 hours following injection, and cells were immediately fixed, permeabilized and
labeled for CD71, Terl19 and p-Stat5. Erythroid subsets in adult mouse bone-marrow or
spleen may be defined by flow cytometry using cell surface Ter119 and CD71 (Figures
1.1B, 3.2A; [14]). Cells in subsets ProE—~EryA—EryB—EryC contain cells of increasing
maturity. The maturation stage of ProE resembles that of S2 in fetal liver and the
maturation stage of EryA resembles that of S3.

(D-F) Bone-marrow subsets; (G-1) Spleen subsets; (D), (G) total p-Stat5 response; (E),
(H) p-Stat5” cells; (F), (1) p-Stat5 in p-Stat5" cells (solid lines). For comparison, the
dashed lines show the total p-Stat5 response data from (D), (G), respectively.

Data is pooled from four independent experiments. Each time point is the mean + sem of
data from two to four mice. MFI data is normalized as follows: background MFI in the
absence of Epo is subtracted, and the remainder MFI is expressed as a ratio to MFI of p-

Stat5" cells in bone-marrow EryA at time=1 hour for each experiment.
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Binary and Graded Stat5 signaling coexist in developing erythroblasts

The intensity of the p-Stat5 signal within signaling S3 cells (p-Stat5 MFI in p-
Stat5" cells) remained relatively constant in spite of wide variation in the number of
responding cells (Figure 2.1E, lower panel). We found similar behavior in maturation-
stage equivalent cells in adult tissue (Figure 2.2 D-I). These observations raised the
possibility that S3 cells may be generating a binary p-Stat5 response. Under this
hypothesis, individual S3 cells would either express their maximal p-Stat5 levels
regardless of Epo concentration (and be ‘on’), or fail to respond and remain ‘off’; they
would not assume intermediate levels of p-Stat5 stably. A binary p-Stat5 response in
single cells may nevertheless result in a graded response at the population level. This is
illustrated in Figure 2.3A, which contrasts three hypothetical cases of signaling cells. In
the first case (Figure 2.3A left panels), there is a graded increase in signal within
individual cells in response to increasing Epo concentration, resulting in a graded
increase in the total p-Stat5 MFI at the population level. The two hypothetical cases of
binary signaling (Figure 2.3A, middle and right panels) differ only in the Epo threshold at
which cells respond with a p-Stat5 signal. In the “variable threshold’ example, individual
cells vary substantially with respect to the Epo concentration at which they switch from
‘off” to ‘on’. At the population level, this results in a graded p-Stat5 response to
increasing Epo concentration. The corresponding flow-cytometry histograms at each Epo
dose (in color) are a composite of two underlying histograms, of non-signaling cells (in
grey) and signaling cells (in black). Only the amplitudes of the black and grey histograms

change with Epo concentration, while their MFI remains constant. However, the MFI of



61

the composite, color histogram, representing the total p-Stat5 response for all subset cells,
increases gradually with Epo dose. In the second binary signaling example (Figure 2.3A,
right panels), cells have a similar threshold to Epo stimulation, so that the entire cell
population switches from “off’ to “‘on” within a narrow range of Epo concentrations. This
results in the population response resembling the binary responses of individual cells,
with a much steeper Epo dose/p-Stats response curve that is characterized by a high Hill
coefficient (ny>1).

The graded p-Stat5 response of the S3 population does not therefore preclude the
possibility that individual S3 cells have binary responses that are masked by variable
response thresholds (as in Figure 2.3A, middle panel). We found, however, that binary p-
Stat5 signaling became apparent at the population level, in a manner resembling the
‘similar threshold” example, when we examined p-Stat5 signaling in the EpoR-HM

mutant mouse (Figure 2.3 B-E).



62

Figure 2.3.  Binary p-Sta5 signaling in EpoR-HM erythroblasts.
(A)  Contrasting graded and binary signaling responses: three hypothetical examples.

In a graded signaling response (left panels), increasing Epo concentration results
in a graded increase in p-Stat5 in individual cells, represented by increasingly darker
shades of grey. Simulations of the corresponding flow-cytometric profiles show that
increasing Epo concentration causes a gradual shift of the p-Stat5 fluorescence histogram
to the right. A plot of the total p-Stat5 median fluorescence intensity (MFI) vs. Epo
concentration has Michaelian kinetics with a Hill coefficient (ny) of 1 (lower left panel,
please note a log scale was used for the x-axis).

In binary signaling (middle and right panels), the p-Stat5 signal in individual cells
can only assume two states, either ‘off’ (white) or ‘on’ (black), but intermediate states
(shades of grey) are unstable. Two distinct cases of binary signaling are illustrated, that
differ in their threshold responses.

In “variable threshold” (middle panels), the threshold at which Epo causes a cell to
switch from ‘off’ to ‘on’ varies substantially between cells of the population.
Consequently, increasing Epo concentration causes a gradual increase in the number of
cells that are p-Stat5™ (‘on’). The simulated flow-cytometric histograms at each Epo
concentration (in color) are each the sum of two histograms, corresponding to cells that
are ‘off” (light grey histograms) and cells that are ‘on’ (black histograms). The median
fluorescence of the ‘on’ and ‘off’ histograms remain unaffected by Epo concentration,
but as Epo increases, the number of cells in the ‘on’ histogram, reflected by its height,
increases, with a corresponding decrease in the height of the ‘off’ histogram. Although
individual cells have binary responses, there is a graded increase in the MFI of colored
histogram representing the whole population. Therefore, a plot of total p-Stats MFI vs.
Epo concentration shows a graded response and has a low Hill coefficient (here, ny=1).

In the case of cells with binary responses and similar threshold (right panels),
cells switch from ‘off’ to ‘on’ within a much narrower Epo concentration range.
Consequently, the response of the whole population reflects the response of individual
cells more closely. Flow-cytometric histograms representing the population tend to be in
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one of two principal positions, corresponding to the ‘on’ or to the ‘off’ states. A plot of
total p-Stat5 MFI vs. Epo concentration is steep, reflected by a high Hill coefficient (ny,
>1).
(B)  Representation of the cytoplasmic domains of wild-type EpoR, or its truncated
mutants, EpoR-H and EpoR-HM. Tyrosine residues are represented by red lines.
Tyrosine 343 is the only remaining tyrosine in EpoR-H, and is mutated in EpoR-HM.
(®) The p-Stat5 response to Epo (2 U/ml, 30 minutes) in S1 cells from wild-type
(WT), EpoR-H (H) or EpoR-HM (HM) fetal livers on E13.5. Percentage of cells in the p-
Stat5" gate is indicated.
(D)  Fluorescence p-Stats histogram overlay of S1 cells from E13.5 wild-type (top) or
EpoR-HM (bottom), stimulated with a range of Epo concentrations for 30 minutes.
Representative of 3 similar experiments. S1 cells in each case are pooled from several
fetal livers of the same genotype.
(E)  Top left panel: plots of ‘p-Stat5 MFI vs. Epo concentration’, in wild-type or
EpoR-HM S1 cells; the p-Stats MFI data corresponds to the histograms shown in ‘D’.
Data is fitted with Hill curves.

Top right panel: Hill curves that were fitted to the data in ‘D’ as in the top left
panel, but shown as a fraction of the maximal p-Stat5 response (p-StatSmax). The p-
Stat5max Was calculated from fitting the Hill equation to the experimental ‘total p-Stat5’
data. Hill coefficients (ny) are indicated.

Lower panel: table summarizing the Hill coefficients (ny) obtained by fitting the
Hill curve to plots of “total p-Stat5 vs Epo concentration’, for each of subsets S1 to S3, in
each of three independent experiments. Fetal liver cells were pooled from 3 or 4 embryos
of each genotype in each experiment. Differences between ny for EpoR-HM and WT are
significant at p=0.01, paired t test. ‘r>’ is Pearson’s product moment correlation
coefficient, correlating experimental data with values predicted by the Hill equation for
the corresponding Epo concentrations.
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Figure 2.4: Binary p-Stat5 signaling in EpoR-HM erythroblasts.

(A)  Representative plots of ‘total p-Stat5 versus Epo concentration” for subsets S1 to
S3 in wild-type (left panel) and EpoR-HM (right panel) fetal liver. This experiment was
also illustrated in Figure 2.3D.

(B)  Values for p-Stat5max and apparent Km obtained by fitting Hill curves to plots of
‘total p-Stat5 MFI vs. Epo concentration’ of the type illustrated in “A’. The Hill equation

was used as follows:

(p-Stat5, . )S"
K, ) +S"

p-Stat5=

Where S= Epo concentration in U/ml, and ‘p-Stat5’ is the total p-Stat5 fluorescence; best
fit was obtained by varying n (= Hill coefficient), Ky, (=the apparent Km) and p-StatSmax
(=the maximal p-Stat5 response to high Epo), using the solver function of Microsoft
Excel. ‘r” is Pearson’s product moment correlation coefficient, correlating experimental
data with values predicted by the Hill equation for the corresponding Epo concentrations.
The Hill coefficients and r? values for this analysis are shown in Figure 2.3E.

Differences between K, and p-Stat5,.x were all significant (paired t-test, p=0.003 and
0.023, respectively).
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EpoR-HM erythroblasts generate only binary low-intensity p-Stat5 signal

We studied p-Stat5 signaling in the EpoR-H and EpoR-HM mouse strains, in
which the respective EpoR truncation mutants are ‘knocked-in’ at the wild-type EpoR
locus, replacing wild-type EpoR (Figure 2.3B, [46]). EpoR-H lacks seven of the eight
cytoplasmic domain tyrosines. The remaining tyrosine, Y343, a Stat5 docking site, is
mutated to phenylalanine in EpoR-HM, which therefore lacks tyrosine docking sites for
Stat5.

S1 cells from EpoR-H fetal livers generated a p-Stat5 signal equivalent to that of
wild-type cells, but had a high background of p-Stat5 in the absence of Epo stimulation,
consistent with a previously-identified negative regulatory function for the carboxy-
terminal domain (Figure 2.3C, lower panel; [209]). S1 cells from EpoR-HM fetal liver,
by contrast, generated only a low intensity p-Stat5 response to Epo, consistent with
previous studies (Figure 2.3C, upper panel; [25]). A full Epo dose/p-Stat5 response
analysis revealed that the maximal p-Stat5 signal generated by S1 cells in EpoR-HM was
~3-4 fold lower than in wild-type S1, resembling in intensity p-Stat5 signals generated by
more mature, wild-type S3 cells (Figures 2.3D, 2.3E upper left panel, 2.4A). Strikingly,
in addition to their lower p-Stat5 intensity, the EpoR-HM S1 response was binary,
resembling the hypothetical example of binary signaling in a population of cells with
similar Epo thresholds (Figure 2.3A, right panels). Thus, unlike wild-type S1, the p-Stat5
fluorescence histograms in EpoR-HM S1 are in one of two clusters, either ‘off’ or ‘on’
(Figure 2.3D, lower panel). This binary behavior was reflected in the steep Epo dose/ p-

Stat5 response curve for EpoR-HM S1 cells (Figure 2.3E upper panels). In each of 3
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independent experiments, the Hill coefficients found for each of the EpoR-HM subsets
were consistently higher than in wild-type controls (Figure 2.3E, lower panel), with ny
for S1 cells ranging between 2 and 3.5. Taken together, S1 cells in EpoR-HM have lost
the high intensity graded signaling mode characteristic of this subset. The residual signal

is of low intensity, similar to that of S3 cells, and is binary in nature.
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The maximal p-Stat5 response (p-StatSmax) IS linearly correlated with Stat5

expression levels

We investigated factors that might account for the gradual decrease in the p-Statb
response as cells mature (Figure 2.1E). The transition from subset S1 to ‘S3 small’ takes
24 to 48 hours in vivo [206, 208] and entails large changes in gene expression. We
examined the potential role of established Stat5 regulators, and found that neither SOCS3
(Figure 2.5) nor SHP1 [210] (Figure 2.6) regulate the peak intensity of the p-Stat5
response. We also examined the potential role of changes in EpoR or Stat5 expression
during erythroblast maturation. To this end we investigated embryos heterozygous for
either Stat5 or EpoR (Figure 2.7). An Epo dose/ p-Stat5 response analysis in fetal liver
cells from Stat5"" embryos showed a clear decrease in the p-Stat5 signal across the entire
Epo concentration range compared with wild-type controls (see representative example in
Figure 2.7A; data from the entire dataset of 7 Stat5"" and 6 wild-type littermates embryos
is summarized in Figure 2.7B). Fitting Hill curves to the dose/ response data yielded the
apparent Ky, the maximal p-Stat5 signal at high Epo concentrations, defined as “p-
Stat5max’, and the Hill coefficient, ny (Figure 2.8A). In addition to the clear decrease in p-
Stat5max in all subsets of the Stat5™" fetal liver (Figures 2.7A and B, 2.8A), the p-Stat5
response curve was steeper, reflected in a higher Hill coefficient (Figure 2.7B).

We also examined the Epo dose/p-Stat5 response in fetal livers derived from
EpoR™" embryos and their littermate controls (Figure 2.7C). We found an approximately
2-fold decrease in EpoR mRNA in EpoR™" fetal livers (Figure 2.8B). Unlike the Stat5""

embryos, there was no change in p-StatSmax in EpoR*" fetal liver, suggesting that cell-
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surface EpoR is not limiting for the maximal p-Stat5 response. Instead, the EpoR""
dose/response curves were shifted to the right, with a 2-fold increase in the apparent K,
(Figures 2.7C, 2.8C), suggesting that a doubling in Epo concentration compensated for
the reduced expression of EpoR.

To assess the relation between Stat5 expression and the maximal p-Stat5 response
more precisely, we measured total Stat5 protein levels in individual cells within each of
the Stat5”" and wild-type embryos, using anti-Stat5 antibodies and flow cytometry
(Figures 2.7D, 2.8D). Stat5 expression decreased with maturation, being highest in S1
and 4 fold lower in ‘S3 large’ cells (Figure 2.7D, closed symbols). A similar pattern was
observed in Stat5*" embryos, but for each corresponding subset, Stat5 expression was
approximately halved compared with wild-type cells (Figure 2.7D open symbols). There
was a linear correlation (R?*=0.85) between Stat5 expression levels and the maximal p-
Stat5 response (p-Stat5max) across all subsets in both wild-type and Stat5*" embryos
(Figure 2.7E; p-StatSmax was determined by fitting a Hill curve to data from each
embryo). These findings suggested that decreased Stat5 expression caused the decrease in
the p-Stat5 response with cell maturation, as well as the reduced p-StatSmax in Stats™”

embryos.
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Figure 2.5 SOCS3 regulation of Stat5 signaling.

(A) Real time PCR for SOCS3 in sorted S0-S3 subsets from wild type embryos (E13-
E14.5). The left graph shows SOCS3 mRNA relative to f actin (meantSE), calculated
from 3 independent experiments. The right graph shows the ACt + SE for each individual
experiment.

(B)  Fetal liver cells were electroporated with SOCS3 siRNA or with ‘scrambled’
control siRNA. Four hours later the cells were stimulated with Epo and collected at
different time points. The time course of the p-Stat5 response is shown (two independent
experiments (top and bottom)).

(C)  Fetal liver cells were treated as in ‘B’. Real time PCR for SOCS3 mRNA at the

indicated times is shown (mean + SE).
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Figure 2.6 Stat5 signaling in Shp1™ fetal liver.

(A) Real time PCR for Shpl in sorted SO-S3 subsets from wild type embryos (E12.5-
E13.5). The left graph shows Shpl mRNA relative to  actin (mean + SE), calculated
from 3 independent experiments. The right graph shows the ACt + SE for each individual
experiment.

(B)  Epo dose/p-Stat5 response analysis in Shpl™ fetal liver fitted with Hill curves.
Data (mean) from 2 independent experiments each with one embryo of each genotype.
(C)  Time course of p-Stat5 response to Epo stimulation with 0.2U/ml, in Shpl™
embryos (n=5) and in matched controls (n=3). Data points are measurements in

individual embryos.
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Figure 2.7  The maximal p-Stat5 response (p-StatSmax) is linearly correlated with
Stat5 expression levels.

(A)  The p-Stat5 response of S1 cells from Stat5"" fetal liver and from littermate wild-
type controls. Representative p-Stat5 fluorescence histograms are shown for the indicated
Epo concentrations.

(B)  Plots of “total p-Stat5 vs. Epo concentration” in Stat5*" and in wild-type littermate
fetal livers in experiments similar to ‘A’, fitted with Hill curves. Data (mean + SE) from
n= 7 Stat5"" embryos and 6 littermate controls, each analyzed separately. p-Stat5 MFI
was normalized as in Figure 2.1E. Parameter values used for fitting the Hill curves and
goodness of fit information are in Figure 2.8A.

(C)  Plots of “total p-Stat5 vs. Epo concentration’ in EpoR™~and in wild-type littermate
fetal livers, fitted with Hill curves. Data (mean + SE) from n=4 EpoR"" embryos and 3
littermate controls, each analyzed separately. p-Stat5 MFI was normalized as in Figure
2.1E. Parameters values used for fitting the Hill curves and goodness of fit information
are in Figure 2.8C.

(D)  Stat5 protein expression in subsets S1, S2 and S3 in wild-type or Stat5*" embryos.
Individual data points correspond to data from individual embryos. Stat5 protein was
measured by flow-cytometry, and is expressed as a ratio to the average fluorescence
signal for S1 cells in all wild-type embryos. The assay was verified using Stat5”
embryos, see Figure 2.8D.

(E) Linear correlation between Stat5 protein expression and p-StatSmax, across all
subsets in Stat5*" and wild-type embryos (R?=0.85). Data points correspond to individual
embryos. Stat5 protein expression as in ‘D’. p-StatSnax Was determined by fitting Hill
curves to individual embryo ‘total p-Stat5 vs. Epo concentration’ analyses, with p-Stat5
normalized as in Figure 2.1E.
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Figure 2.8 Analysis of Stat5 phosphorylation in Stat5"" and EpoR " embryos.

(A)  Values for the Hill coefficients, p-Stat5yax, and apparent K, obtained by fitting
Hill curves (see legend to Figure 2.4B) to the plots of ‘total p-Stat5 MFI vs. Epo
concentration’ shown in Figure 2.7B. Note a substantially lower p-Stat5ma in Stat5™
embryos. Data is derived by fitting the Hill curve through the mean values obtained from
the means of a total of 7 Stat5"" and 6 control embryos, analyzed independently. ‘r*” is
Pearson’s product moment correlation coefficient, correlating experimental data with
values predicted by the Hill equation for the corresponding Epo concentrations.

(B) EpoR mRNA was measured using quantitative RT-PCR in fetal livers of wild
type (red circles) or EpoR™" (pink squares) embryos (E13.5). Data points represent
measurements in individual embryos, and are expressed relative to § actin mMRNA. Mean
values for each genotype are denoted with a black line.

(C)  Values for the Hill coefficients, p-StatSmax, and apparent K, obtained by fitting
Hill curves (see legend to Figure 2.4B) to the plots of ‘total p-Stat5 MFI vs. Epo
concentration’ shown in Figure 2.7C. Note doubling of the apparent K, in EpoR*"
embryos. Data is derived by fitting the Hill curve through the mean values obtained from
the means of a total of 4 EpoR™" and 3 control embryos, analyzed independently. ‘r*” is
Pearson’s product moment correlation coefficient, correlating experimental data with
values predicted by the Hill equation for the corresponding Epo concentrations.

(D)  Measurements of Stat5 protein using flow-cytometry. Fixed and permeabilized
fetal liver cells were labeled with CD71, Ter119, and with a rabbit polyclonal antibody
which recognizes Stat5 regardless of its state of activation, and with a secondary anti-
rabbit 1gG antibody conjugated to APC. Flow cytometry histograms reflecting total Stat5
protein expression (as APC fluorescence) are shown for two Stat5” embryos (these
provide the non-specific background fluorescence); and for one wild-type and one Stat5™"
embryo. Stat5 expression in Figure 2.7D, E was determined as Stat5 MFI, with
background fluorescence subtracted, and expressed as a ratio to the average Stat5 MFI of
S1 cells.
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Exogenous Stat5 expression rescues graded high intensity p-Stat5 signaling in
EpoR-HM erythroblasts and wild-type S3 cells

To test whether the loss of the high-intensity p-Stat5 response in mature, S3 cells
is indeed due to their decreased Stat5 expression (Figure 2.7E), we asked whether we
could rescue high-intensity Stat5 signaling in these cells by exogenously expressing
Stat5. In parallel, we also examined the effect of exogenous Stat5 expression in EpoR-
HM erythroblasts, which signal exclusively via the low-intensity binary signaling mode
(Figure 2.3 D-E). We electroporated FLAG-tagged Stat5a constructs (‘FLAG-Stat5’),
control FLAG-tagged Stat5aY694F (‘FLAG-StatbY694F’) lacking the C-terminal
tyrosine, or ‘empty vector’ control (*pcDNA3’), into freshly isolated wild-type or EpoR-
HM fetal liver. Cells were incubated overnight in the presence of Epo (0.2 U/ml), to
allow expression of the transduced constructs. Cells were deprived of Epo for 3 hours
prior to their stimulation with a range of Epo concentrations (0.004 to 9 U/ml). Cells
were then fixed and labeled with both anti-FLAG and anti-p-Stat5 antibodies. A single
electroporation contained cells with a spectrum of FLAG expression levels, allowing us
to determine how FLAG-Statc expression affected the p-Stat5 response (Figures 2.9,
2.10). We noted that in the absence of Epo stimulation, cells expressing the highest levels
of FLAG-Stat5 nevertheless contained p-Statc (Figure 2.9A, top left panel, double-
headed arrows). This constitutive p-Stat5 signal was specific, since it was absent in cells
expressing equivalent levels of FLAG-tagged Stat5Y694F, which cannot be tyrosine
phosphorylated (Figure 2.9A, middle left panel). This phenomenon is further addressed

below (Figure 2.12). In response to stimulation with Epo, there was an increase in p-
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Stat5, with the highest response in cells expressing the highest levels of FLAG-Statb
(Figure 2.9A, top middle panel). To analyze the p-Stat5 response quantitatively for each
FLAG-Stat5 expression level, we sub-divided the ‘p-Stat5 vs. FLAG-Stat5’ dot plots for
EpoR-HM into narrow vertical gates, each of which contained cells with similar FLAG-
Stat5 expression (Figure 2.9B, left panels). Three of these vertical gates, numbered 10 to
12, are color coded in red, green and blue respectively, in three examples of cells
stimulated with Epo concentrations of 0 U/ml (top left panel), 0.33 U/ml (middle left
panel) or 9 U/ml (bottom left panel). Panels to the right show an overlay of responses to
the three Epo concentrations in each of the red, green or blue vertical gates. The entire p-
Stat5 response data set to nine Epo concentrations in each of 4 vertical gates (9 to 12) for
EpoR-HM is plotted in the lower panel of Figure 2.9B, fitted with Hill curves. A similar
analysis for wild-type S3 cells is shown in Figure 2.10A.

Inspection of the Epo dose/p-Stat5 response curves for wild-type (Figure 2.10A)
and EpoR HM erythroblasts (Figure 2.9B) shows that they are altered by exogenous
FLAG-Stat5 in two ways. First, the maximal response (p-Stat5max) in a given vertical gate
was positively and linearly correlated with the level of FLAG-Stat5 expression in that
gate (Figures 2.9C, 2.10B). Second, as FLAG-Stat5 expression increased, there was a
decrease in the steepness of the p-Stat5 response curves, as reflected by decreasing Hill
coefficients (Figures 2.9B, lower right panel for EpoR-HM, and 2.10A, lower right
panels for wild-type S3 cells). As examples, the high FLAG-Stat5 expression

(MFI=1700) in gate 12 gave rise to a higher p-StatSm.x (MFI=1100) and a lower Hill
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coefficient (ny=1.4) than in gate 9, where a lower FLAG-Stat5 expression (MFI=340)
resulted in a lower p-Stat5max (MFI1=120) and a high Hill coefficient (ny=2.5).

Therefore, by varying the level of exogenous Stat5 expression in a single cell type
(wild-type S3 cells, or EpoR-HM S3 cells), we were able to generate the entire spectrum
of Stat5 signaling responses encountered in the erythroblast maturation series (Figure
2.1E). Taken together, the data in Figures 2.7, 2.9 and 2.10 show that decreasing Stat5
expression with erythroblast maturation is the cause of the gradual shift from high-
intensity, graded signaling in early erythroblasts to low intensity, binary signaling in
mature erythroblasts.

The loss of high-intensity Stat5 signaling in EpoR-HM shows that, in addition to
high Stat5 expression, this mode of signaling also requires Stat5 docking sites on the
EpoR. Exogenous expression of Stat5 successfully compensated for the EpoR-HM
mutation, however, rescuing high-intensity graded signaling in these cells (Figure 2.9).

The linear dependence of p-StatSnm.x on Stat5 expression levels, whether
endogenous (Figure 2.7E) or exogenous (Figures 2.9C, 2.10B), indicates that Stat5 is
limiting for Stat5 phosphorylation in erythroid cells. A theoretical analysis of this finding

is provided below.



82

Figure 2.9  High exogenous Stat5 levels rescue high-intensity graded p-Stat5
signaling in EpoR-HM cells.

(A)  The p-Stat5 response to Epo in S3 cells expressing exogenous FLAG-Stat5. Wild-
type fetal liver cells were electroporated with either FLAG-tagged Stat5a (=FLAG-Stat5,
C-terminal tag, top panels), FLAG-tagged Stat5Y694F (middle panels) or ‘empty vector’
(pcDNAZ3, lower panels). Following overnight incubation in the presence of Epo (0.2
U/ml), cells were deprived of Epo for 3 hours, and then either left unstimulated (left
panels) or were stimulated with Epo for 30 minutes (response to 9 U/ml is shown here,
middle panels; altogether 9 different Epo concentrations were examined, ranging from
0.04 to 9 U/ml, and are shown in panel B and in Figure 2.10). Double-headed arrows
indicate Epo-independent p-Stat5, seen only in cells expressing high levels of FLAG-
Stat5.

(B)  Analysis strategy for the experiment described in panel “‘A’; results for EpoR-HM
S3 erythroblasts are shown here; results for wild-type S3 are in shown Figure 2.10. Dot
plots of the p-Stat5 response vs. FLAG-Stat5 expression are shown for 3 of the nine Epo
concentrations examined (left panels; Epo= 0, 0.33 or 9 U/ml). For analysis, these dot
plots were sub-divided into narrow vertical gates, each containing cells of similar FLAG-
Stat5 expression. Three of these gates, numbered 10 to 12, are highlighted in red, green
and blue. Data from each of the three red gates (gate 10) were overlayed in a single
histogram (top right histogram, highlighted in red). This histogram therefore contains the
p-Stat5 responses to a range of Epo concentrations, of cells expressing similar FLAG-
Stat5 levels (580+13, MFI+SE). A similar analysis was carried out for each of the nine
Epo concentrations for cells in gate 10, and the ‘total p-Stat5 response’ to each Epo
concentrations were plotted and fitted with a Hill curve (red symbols and curve, lowest
right panel). A similar analysis was carried out for each of the other vertical FLAG-Stat5
gates; Hill coefficients are indicated next to the Hill curve for each gate. Data points in
the ‘total p-Stat5 vs. FLAG-Stat5’ plots are mean + sem for cells in each gate. Each of
the ‘total p-Stat5® MFI measurements was corrected by subtracting background
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fluorescence, given by the ‘total p-Stat5’ MFI of cells expressing FLAG-Stat5Y694F in
the same gate.

(C)  Linear correlation between FLAG-Stat5 expression and p-StatSmax in EpoR-HM
S3 cells (R?=0.998); analysis is of data shown in ‘B’. p-Stat5max is the maximal p-Stat5
response to Epo, defined by the Hill equation in Figure 2.4 and obtained by fitting Hill
curves to data in ‘B’, lower right panel, for each of the indicated vertical FLAG
expression gates.
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Figure 2.10: High exogenous Stat5 levels rescue high-intensity graded p-Stat5
signaling in wild-type S3 cells.

Experiment as described in Figure 2.9A.

(A)  The p-Stat5 response of wild type S3 cells expressing exogenous FLAG-Stat5, to
three Epo concentrations. Vertical gate analysis as described for EpoR-HM erythroblasts
in Figure 2.9B. Hill plots for cells in vertical FLAG-Stat5 gates numbered 7 and 8 are
shown twice, with different y-axis scales. Data points in Hill plots are mean + sem for
cells in each gate.

(B)  Linear correlation between FLAG-Stat5 expression and p-StatSmax in wild-type S3
cells (R?=0.96); analysis is of data shown in ‘A’. p-StatSmax is the maximal p-Stat5
response to Epo, defined by the Hill equation in Figure 2.4 and obtained by fitting Hill
curves to data in ‘A’, lower right panel, for each of the indicated vertical FLAG

expression gates.
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Cellular Stat5 is limiting during Stat5 phosphorylation in erythroid cells

Our data shows that maximal p-Stat5 produced in response to Epo dosing (=’p-StatSmax’)
is linearly related to total cellular Stat5 (Figures 2.7E, 2.9C, 2.10B). This linear
relationship is maintained across all erythroid progenitor stages and over a wide range of
cellular Stat5 expression levels, whether endogenous, or exogenously introduced into
cells. By contrast, p-StatSmax is not affected by the reduced number of cell-surface EpoRs
in EpoR™" cells (Figure 2.7C). It is also apparently unaffected by the decrease in cell-
surface EpoRs known to occur with progenitor differentiation [13], since introduction of
exogenous Stat5 into late erythroid progenitors increases p-Stat5max linearly with cellular
Stat5.

These findings suggest that the limiting parameter for p-Stat5y.x is cellular Stat5, rather
than the number of cell-surface EpoRs. Therefore, conditions of substrate excess,
required for Michaelis-Menten kinetics, do not apply to Stat5 phosphorylation in
erythroid cells. Instead, the analysis below shows that our results are consistent with
conditions of enzyme excess. Under such conditions, maximal product formation is
linearly related to initial substrate concentration [211, 212].

Analysis:

Epo binds a pre-formed complex of EpoR and Jak2, to form an active enzyme complex,

or ‘E’:

Epo + (EpoR-Jak2) ——(Epo-EpoR-Jak2) (1)

and  E = (Epo-EpoR-Jak2) 2
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The activated enzyme complex ‘E’ binds Stat5, to form an enzyme-substrate complex

‘C’, which phosphorylates Stat5:
k.
E+ StaIS% C—% . pSasHE @A)

Let initial Stat5 concentration be denoted as *Sp” and the concentration of the product, p-
Stat5, as “‘P’. From reaction (3), the rate of p-Stat5 formation, dP/dt, is provided by

(Z—I: =k,.C 4)

If the active enzyme concentration is in great excess of ‘Sy’, that is, E > §/, then reaction
(1) is essentially independent of reaction (3). Namely, the binding of Stat5 to E will not
appreciably decrease E from its value as set by reaction:

E=~E, ®)

where Ey is the initial active enzyme concentration'. More generally, this assumption
. . - C
holds whenever the fraction of substrate-bound enzyme is negligible: E<< 1; such

conditions arise not only at pure enzyme excess, E> S, but also under the weaker

. kK,+k, . . .
requirement that, E+ K > §, where K = katk is the Michaelis-Menten constant

of reaction (3) [212].

Under these conditions,

c-E(&-P)

6
K_+E (6)

! Note that strictly speaking Eg is not the initial active enzyme concentration, but the equilibrium
concentration implied by reaction (1).
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From (4), (5) and (6), the rate of formation of p-Stat5 (=P) is given by

&P _ E(§-P)

y
d ° K, +E ")
— kZEO H
If we let K = , equation (7) now becomes
K, +E,
dP
—=K(§-P). 8
™ (& -P) 8

From (8), and the initial condition P = 0, the concentration of the product, p-Stat5

increases with time as

P=5@1-¢) (9
Equation (9) is in agreement with our observations in Figures 2.7E and 2.9C, that the
maximal value for P, ‘p-Stat5max’, obtained by fitting the Hill equation to the Epo dose/p-
Stat5 response data (when a relative steady state is reached, =15 minutes after the onset
of Epo stimulation), is independent of Ey and Ky, and is a linear function of the initial
Stat5 substrate concentration, So. Therefore, our observations are consistent with the
initial assumption of this analysis that the active enzyme complex is in excess of cellular

Stat5 concentration.

Distinct biological functions of the binary and graded Stat5 signaling modes

Mice lacking Stat5 die perinatally of severe anemia [68, 119, 126]. By contrast,
EpoR-HM mice, which retain only the low-intensity binary p-Stat5 signal, are viable with
near-normal basal erythropoiesis. Therefore, the low intensity binary p-Stat5 signal is
sufficient to support essential Stat5 functions in basal erythropoiesis. EpoR-HM mice are,

however, deficient in their response to erythropoietic stress, a deficit that, by comparison
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with the normal stress phenotype of the EpoR-H mouse (Figure 2.3B), was attributed to
the absence of the Y343 Stat5 docking site on the mutant EpoR-HM receptor [47].
Therefore, the high intensity Stat5 signal absent in EpoR-HM may be specifically
required during stress. We examined these possibilities by studying two established Stat5
functions: its anti-apoptotic effect in erythroblasts, required in both basal and stress
erythropoiesis [126, 127, 213]; and its induction of the transferrin receptor (CD71),
which transports iron for hemoglobin synthesis [134, 214].

We first examined the role of Stat5 signaling in erythroblast survival, by
incubating freshly isolated fetal liver cells from either EpoR-HM, Stat5”, or strain-
matched wild-type embryos, in the absence of Epo for 90 minutes. We then labeled the
cells with Annexin V, to detect cells undergoing apoptosis. A large fraction (40%) of
Stat5” S1 cells, but only 1-2% of wild-type controls, were Annexin V positive,
confirming that Stat5 is essential to erythroblast survival. The level of apoptosis of EpoR-
HM cells, however, was low and similar to that of wild-type controls (Figure 2.11A,
representative examples in left panels, summary of several experiments in right panels).
Therefore, the low-intensity, binary Stat5 signal is sufficient for mediating Stat5’s anti-
apoptotic function in EpoR-HM erythroblasts, and for maintaining basal erythropoiesis.

To examine the erythropoietic stress response, we administered adult EpoR-HM
mice, or wild-type control mice, with a single subcutaneous injection of Epo (100U/ 25 g
mouse) that generates stress-levels Epo concentrations in vivo. As previously reported
[46], the EpoR-HM mice failed to increase their hematocrit (Figure 2.11B, left upper

panel). The erythropoietic response to high Epo entails upregulation of erythroblast cell-



91

surface CD71 [14], a Stat5 target [134, 214]. We found that Epo injection caused a 2 to 3
-fold increase in cell surface CD71 of wild-type Ter119"" CD71"" spleen erythroblasts,
but failed to generate an increase in erythroblasts from EpoR-HM mice (Figure 2.11B,
duplicate experiments in upper right panel, flow-cytometry contour plots in lower
panels). We have found above that the high intensity Stat5 signal, missing in EpoR-HM
erythroblasts, can be rescued in these cells by high exogenous Stat5 expression (Figure
2.9B). We therefore asked whether rescue of the high-intensity Stat5 signal might also
restore high CD71 expression to EpoR-HM erythroblasts. EpoR-HM or wild-type fetal
liver cells were electroporated with either FLAG-Stat5 or with control FLAG-
Stat5Y694F, as illustrated in Figure 2.9A. Cell-surface CD71 was measured by flow
cytometry following overnight culture in the presence of stress Epo levels (0.2 U/ml). We
found that rescue of high-intensity p-Stat5 signaling to EpoR-HM erythroblasts by
exogenous FLAG-Stat5 (Figure 2.9B), also restored their high CD71 expression (Figure
2.11C). There was no change in CD71 expression as a result of exogenous expression of
the inactive, FLAG-Stat5Y694F mutant. These findings strongly suggest that CD71
upregulation by Stat5 is a function specifically mediated by the high-intensity graded

Stat5 signal during the erythropoietic response to stress.
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Figure 2.11 Biological functions of binary and graded Stat5 signaling.

(A) Increased erythroblast apoptosis in Stat5” but not in EpoR-HM fetal liver.
Freshly harvested fetal livers from E13.5 Stat5” or from EpoR-HM embryos and from
matched controls were incubated in the absence of Epo for 90 minutes. Cells were then
labeled with 7-AAD to exclude dead cells, and with Annexin V, CD71 and Terl119 to
assess apoptosis. Representative histograms are shown for S1 cells in EpoR-HM (top left
panel) or Stat5”" (bottom left panel) fetal liver: cells shown have preserved membrane
impermeability to the DNA dye 7-AAD. Summary of Annexin-V" cells in 3 independent
experiments is shown in right panels; each data point corresponds to an individual
embryo, black line represents the mean for all embryos of a given genotype. Number of
embryos analyzed: EpoR-HM=15, strain and age matched controls= 20; Stat5”=5,
littermate controls=5. No statistically significant difference was detected between EpoR-
HM and control embryos; the difference between Stat5” and control embryos is
significant (p=0.0007, 2 tailed t test, unequal variance).

(B)  Adult EpoR-HM mice fail to generate an erythropoietic stress response. Adult
EpoR-HM mice or strain-matched wild-type mice were injected with Epo (100 U/ 259
mouse). Hematocrit measurements are shown in top left panel. Expression level of CD71
(expressed as MFI) in CD71"%"Ter119"" splenocytes are summarized in the top right
panel. Each data point represents an individual mouse. A representative example of flow-
cytometric CD71 measurement one day post-injection is shown in the contour plots in the
lower panel. Numbers in lower panel are the CD71 MFI of cells in the indicated
CD71""Ter119"" gate.

(©) Rescue of stress-induced CD71 upregulation in EpoR-HM fetal liver cells after
rescue of high-intensity graded p-Stat5 signaling by transduction with high levels of
FLAG-Stat5. EpoR-HM or wild-type fetal liver erythroblasts were transduced with either
FLAG-Stats or FLAG-Stat5Y694, as described in Figure 2.9A. Cells were incubated
overnight in the presence of stress-levels of Epo (0.2 U/ml; this is 6 to 10 fold the Epo
basal levels), and were then labeled and analyzed for CD71, Terll9 and FLAG
expression by flow-cytometry. CD71 (MFI) is compared in cells negative for FLAG
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expression (FLAG gate 6 or lower, Figure 2.9B) with cells expressing high levels of
FLAG (FLAG gate 10 or higher, Fig 2.9B), in the same electroporation sample. Data
points are mean = sem of 9 replicates; differences in CD71 expression between EpoR-
HM cells expressing high or low levels of FLAG-Stat5 are significant at p=0.020 (two-
tailed t-test, unequal variance).



Figure 2.11
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The low-intensity p-Stat5 signal shows hysteresis

The binary nature of the low-intensity p-Stat5 signal, reflected in its steep Epo
dose/p-Stat5 response relationship, may arise from either a monostable or a bistable
system [149, 215]. A monostable binary system is analogous to a doorbell: its response
reflects the current stimulus. It is described by a single, continuous stimulus/response
curve, where a given stimulus always elicits a similar response regardless of stimulus
history. By contrast, a bistable system is analogous to a toggle-switch. Its stimulus/
response curve is discontinuous, since the response is either ‘off’ or ‘on’, but
intermediate states are unstable. The response of bistable systems is dependent on both
the current stimulus and on stimulus history, namely, whether the system was previously
‘on’ or ‘off’. This phenomenon, known as hysteresis, endows the system with memory
[149, 215, 216]. Thus, a stimulus that is insufficient to generate a response in resting cells
may nevertheless be sufficient for maintaining the ‘on’ response in cells that are already

‘on’ as a result of a previous, stronger stimulus.

To determine whether the p-Stat5 response in fetal liver cells was bistable or
monostable we stimulated cells with Epo at either 0.2 U/ml, or a ten-fold lower
concentration (0.02 U/ml) (Figure 2.12A). At 30 minutes, when p-Stat5 reached a relative
steady state, cells that were initially stimulated at the higher Epo concentration (0.2 U/ml)
were switched to a ten-fold lower concentration (0.02 U/ml). The consequent changes in
p-Stat5 were followed for several hours, and compared with those of cells that were

subject to either high (0.2 U/ml) or low (0.02 U/ml) Epo throughout.
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In S3 (Figure 2.12 A upper panels), a ten-fold reduction in Epo did not alter total
p-Stat5 for the first 90 minutes, compared with cells remaining in high Epo. By 6 hours
after the switch to lower Epo, total p-Stat5, though lower than in cells remaining in high
Epo, was higher than in cells confined to low Epo throughout. Therefore, S3 cells had
‘memory’ for the initial 30-minute period of high Epo, 6 hours previously. By contrast,
the high-intensity signal in S1 declined rapidly after the switch to low Epo, with kinetics
that were the reverse of the onset of response at t=0 (Figure 2.12A, lower panels). By 15
minutes, p-Stat5 in S1 declined to a low intensity, stable signal that resembled the
intensity of the hysteretic signal in S3. Hysteresis was also observed in a second
experimental strategy, where Epo was completely withdrawn from the culture medium
(Figure 2.13A, B). We therefore concluded that the low-intensity, binary signal in S3 was

generated by a bistable system.

A steep relationship between FLAG-Stat5 expression and Epo-independent,
constitutive p-Stat5

A bistable response suggests the presence of a positive feedback interaction or its
equivalent. Such an interaction is responsible for the steep stimulus/response curve,
amplifying low but supra-threshold signals to their full ‘on’ state and making
intermediate states unstable [149, 215]. The hysteresis in the p-Stat5 response of S3 cells
indicated bistability, and therefore raised the possibility that a positive feedback
interaction, or its equivalent, may be promoting p-Stat5 formation. There were two broad
possibilities regarding such an interaction. First, p-Stat5 might itself participate in a

positive feedback interaction that contributes to further Stat5 phosphorylation.
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Alternatively, a positive feedback interaction may be present at any of the upstream steps
that are required for, and precede, the Stat5 phosphorylation step. These included the
binding of Epo to EpoR, Jak2 activation and/or EpoR phosphorylation. Several lines of
evidence discussed below, while not discounting other steps as possible contributors to
the bistable p-Stat5 response, nevertheless suggest that p-Stat5 itself is responsible for a
positive feedback interaction that contributes to bistable Stat5 activation.

The first line of evidence comes from analysis of Epo-independent p-Stat5
activation in cells expressing high FLAG-Stat5 (constitutive p-Stat5; Figures 2.9A upper
left panel, 2.12B upper panel, double-headed arrows). We also found constitutively active
p-Stat5 in non-erythroid cells that express high Stat5 levels, including Stat5-null mouse
embryonic fibroblasts (MEFs) infected with high-titer retrovirus encoding Stat5 (Figure
2.13C). To analyze this finding quantitatively, we measured total p-Stat5 in a series of
vertical gates containing cells of increasing FLAG fluorescence, as illustrated in Figure
2.9B. This analysis showed that the appearance of p-Stat5 occurs reproducibly above an
abrupt FLAG-Stat5 expression threshold (Figure 2.12B, lower panel). The level of p-
Stat5 then rises steeply with increasing FLAG-Stat5 expression, delineating a steep, non-
Michaelian sigmoidal curve with a Hill coefficient of 2.4. This high Hill coefficient
suggests that inactive, FLAG-Stat5 participates in a cooperative or positive feedback
interaction during its phosphorylation reaction. Since this reaction occurs in the absence
of Epo stimulation, cooperativity or positive feedback must involve FLAG-Stat5 directly,

rather than be due solely to upstream components of EpoR signaling.
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We hypothesized that the FLAG-Stat5 threshold at which constitutive p-Stat5 first
appears is determined by the balance between the background levels of kinase and
phosphatase activities within resting (unstimulated) erythroblasts. This was supported by
the response of unstimulated erythroblasts to treatment with pervanadate, a broad-
spectrum phosphatase inhibitor. We found a time-dependent decrease in the FLAG-Statb
threshold for constitutive p-Statb, with the curves describing the dependence of p-Statb

on FLAG-Stat5 shifting to the left (Figure 2.13D).

p-Stat5 promotes Stat5 phosphorylation in trans

The second line of evidence suggesting that p-Stat5 promotes phosphorylation of
as yet inactive Stat5 comes from biochemical experiments in which we asked whether
two populations of Stats molecules, distinguished by a tag, might affect each other’s
phosphorylation state. Specifically, we asked whether a population of activated,
untagged, p-Stat5 molecules could alter the phosphorylation level of a second, FLAG-
tagged population of Stat5 molecules. In the absence of an interaction between active and
inactive Stat5, phosphorylation of the FLAG-tagged Stat5 molecules should be
unaffected by the presence of the untagged p-Stat5. Figure 2.12C illustrates the expected
result of such an experiment if, however, p-Stat5 promotes the phosphorylation of as yet
unphosphorylated Stat5 in trans. In the latter case, the phosphorylation level of the
FLAG-tagged Stat5 molecules might increase as a result of the presence of untagged, p-
Stat5 molecules in the same cell.

We transfected 293T cells with FLAG-tagged Stat5, in the presence or absence of

untagged Stat5 constructs that give rise to constitutive p-Stat5 in vivo. As untagged
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constructs, we used either the constitutively phosphorylated Stat5 mutant, Stat5 1*6
[217], or alternatively, the untagged wild-type Stat5, since we found it to be
constitutively active when expressed at high levels (Figure 2.12B). We assessed the
phosphorylation level of the FLAG-tagged Stat5 by specifically immunoprecipitating
FLAG-tagged protein under denaturing conditions, followed by quantitative blotting
using infra-red imaging, for p-Stat5 (Figure 2.12D, E). Control cells were transfected
with FLAG-Stat5Y694F, in the presence or absence of Stat5 1*6. Similar levels of
FLAG-tagged protein were immunoprecipitated from these cells as from cells expressing
FLAG-Stats, but immunoblotting showed no p-Stat5 signal (Figure 2.12D, E),
confirming that Stat5 1*6 was not co-immunoprecipitated with the FLAG-tagged protein.

In five independent immunopreciptation experiments, we found that the presence
of untagged, phosphorylated Stat5 in cells caused a 2 to 4 fold increase (mean + SE =2.7
+0.4, p<0.020) in the phosphorylation level of FLAG-Stat5, compared with its baseline
phosphorylation level when present in cells not containing the untagged constructs.
FLAG-Stat5 expression in both groups of cells was similar (mean £ SE =1.2 +0.1, Figure
2.12D, E).

These results suggest that p-Stat5 promotes the phosphorylation of as yet inactive,

unphosphorylated Stat5s.
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Figure 2.12 Hysteresis and positive feedback in Stat5 activation.

(A)  Stat5 signaling in freshly isolated fetal liver S3 cells shows hysteresis. Fetal liver
cells were stimulated with Epo at 0.2 U/ml (dark blue or red symbols) or at 0.02 U/ml
(grey symbols). At 30 minutes post stimulation (marked with arrows), Epo concentration
was diluted ten fold from 0.2 to to 0.02 U/ml for some of the cells (light blue or orange).
The time course of the total p-Stat5 response is shown for S3 (upper panel) and S1 (lower
panel) cells. Left panels show a magnified x-axis for the first 60 minutes. Representative
of 3 similar experiments. See also Figure 2.13A, B.

(B)  Constitutive (Epo-independent) p-Stat5 in cells expressing high levels of FLAG-
Stat5. Cells were electroporated with FLAG-Stat5 or with control, non-phosphorylatable
FLAG-Statb Y694F, incubated overnight in Epo (0.2U/ml) and then deprived of Epo for
three hours, as described in Fig 2.9A. Upper panels: p-Stat5 may be seen in cells with
high FLAG-Stat5, indicated by the double arrow; no p-Stat5 is seen in cells expressing
equivalent levels of FLAG-YG694F. Lower panel: analysis of 5 independent
electroporations in 3 independent experiments similar to that shown in the upper panels.
Each symbol corresponds to the FLAG and p-Stat5 MFIs of cells in one vertical gate in a
p-Stat5 vs FLAG dot plot from one electroporation. The background p-Stat5 MFI for
cells expressing FLAG-Stat5Y694F is also shown. Data was fitted with a Hill curve,
ny=2.4.

(C) Design of an experiment to examine whether p-Stat promotes Stats
phosphorylation in trans. Cells were electroporated with FLAG-tagged Stat5 (top), or
with a combination of both FLAG-tagged Stat5 and a non-tagged Stat5 construct that
would give rise to constitutive p-Stat5 in vivo. The level of phosphorylation of the
FLAG-tagged Stat5 in both these cell populations is examined using denaturing FLAG
immunoprecipitation to dissociate Stat5 dimers, followed by quantitative western blotting
for both p-Stat5 and FLAG. The illustrated outcome corresponds to the case when p-Statb
promotes Stat5 phosphorylation, so that an increased proportion of the FLAG-Stat5
molecules is phosphorylated when the cells also contained non-tagged p-Stat5; the
alternative outcome would have been that the FLAG-Stat5 phosphorylation is similar
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whether or not cells also express non-tagged p-Stat5. The FLAG tag is represented by the
green letter ‘F’; phosphorylation is indicated in red and by the letter "P’.

(D), (E) Constitutively-active non-tagged p-Stat5 facilitates phosphorylation of
FLAG-Stat5 in trans. Experimental design as in panel ‘C’. 293T cells were transfected
with either FLAG-Stat5 or with control, FLAG-Stat5Y694F. Some cells were also
electroporated with a non-tagged Stat5 construct that would give rise to constitutive
(Epo-independent) p-Stat5 in vivo: either non-tagged wild Stat5, or non-tagged Stat5 1*6.
FLAG-tagged protein was immunoprecipitated 48 hours post transfection, under
denaturing conditions, followed by quantitative blotting using infrared imaging for p-
Stat5 and for FLAG. Panel ‘D’ shows a representative western blot; the numbers below
each lane correspond to the infra-red fluorescence reading from each band, corrected for
background. Panel ‘E’ shows a summary of 5 independent experiments (only two
experiments also had samples of cells with non-tagged wild type Stat5; all experiments
had samples of cells expressing non-tagged Stat5 1*6). Data points in ‘E’ refer to
fluorescence readings for each lane in individual experiments, normalized to the
fluorescence reading in cells expressing FLAG-Stat5 only in the same experiment. Mean
for all 5 experiments is shown (black line). Increase in p-Stat5 relative to FLAG-Stat5, in
FLAG-Stat5 cells that also express non-tagged Stat5 1*6, was significant (mean £ sem:
2.7 0.4, p<0.020, paired t test). There was no significant difference in FLAG-Stat5

expression in  both groups of cells (mean £ sem: 1.2 0.1).
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Figure 2.12
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The time course of p-Stat5 activation is consistent with autocatalysis

Our findings suggested that p-Stat5 is a product of a reaction it promotes. We
therefore asked whether Stat5 phosphorylation obeys autocatalytic reaction Kinetics.
Autocatalytic reactions are characterized by an initial latent period or slow phase,
accelerating into a rapid phase when the accumulating product feeds back to accelerate
the reaction. The reaction may eventually slow down as the reactants become limiting,
giving rise to a sigmoidal time course [218, 219].

We examined a detailed time course of p-Stat5 formation in response to
stimulation with a low Epo concentration, or alternatively, in response to pervanadate, a
non-specific phosphatase inhibitor (Figure 2.13E, F). In both cases, the time course for p-
Stat5 formation was in good agreement with an autocatalytic time course. Phosphatase
inhibition was performed on cells expressing FLAG-Stat5. This showed the lag phase
that precedes the accelerated phase of p-Stat5 accumulation to be shorter in cells

expressing higher FLAG-Stat5 (Figure 2.13E).
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Figure 2.13: Hysteresis and positive feedback in Stat5 activation.

(A), (B) Stat5 signaling in S3 cells shows hysteresis. Freshly isolated fetal liver
cells were stimulated with Epo (0.2U/ml; dark blue or red symbols). At 30 minutes post
stimulation, Epo was removed from some of the cells (light blue or orange) by washing
them three times in non-Epo containing medium; the time of wash is indicated with
arrows. The time course of the total p-Stat5 response to S3 (upper panels) and S1 (lower
panels) is shown in panel ‘A’; a magnified x-axis is shown for the first 60 minutes in the
left panel. The number of p-Stat5™ cells, and the p-Stat5 MFI in p-Stat5” cells over the
same time period in the same experiment are shown in panel ‘B’. Dashed lines mark the
pre-stimulation level of total p-Stat5. Representative of 3 similar experiments.

(C)  Constitutive p-Stat5 in non-erythroid cells expressing high levels of Stat5. Stat5”
mouse embryonic fibroblasts (MEFs) were infected with retrovirus (MSCV) encoding
wild-type Stat5 (upper panel), or alternatively were infected with retrovirus encoding
FLAG-tagged Stat5 or FLAG-Stat5Y694F (lower panel); control cells were infected with
MSCV only. The dilution of the retroviral supernatant for each construct are indicated
above each lane. Western blotting for p-Stat5, FLAG or Stat5 protein is shown.

(D)  The FLAG-Stat5 threshold for constitutive p-Stat5 is sensitive to phosphatase
inhibition. Fetal liver cells were electroporated with FLAG-Stat5 as described in Figure
2.9A and incubated overnight in 0.2 U/ml Epo. Cells were then incubated in the absence
of Epo for over 3 hours prior to the addition of pervanadate. p-Stat5 was measured at the
indicated time points following pervanadate addition; control cells were incubated for
similar time periods in the absence of pervanadate. Individual symbols correspond to the
total p-Stat5 in individual vertical FLAG gates as illustrated in Figures 2.9B and 2.10A.
Representative of 3 similar experiments.

(E) The time course of p-Stat5 formation following phosphatase inhibition by
pervanadate is consistent with autocatalysis. Data is from the experiment presented in
panel ‘D’. Each curve corresponds to the time course of total p-Stat5 formation in a
specific FLAG- gate (the FLAG MFI for each gate is indicated in the legend). An initial

slow phase of p-Stat5 accumulation is followed by a faster phase, consistent with an
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autocatalytic reaction. The slow phase is shorter in gates with higher FLAG-Stat5 levels.
Each data point is the mean of duplicate samples.

(F)  The time course of p-Stat5 activation by Epo is consistent with autocatalysis.
Fresh fetal liver cells were stimulated with a low concentration of Epo (0.02 U/ml). The
time course of the total p-Stat5 response is shown for S1 and S3 cells; two independent
experiments are shown, colored blue and red, respectively. Data was fitted by the curve
corresponding to a second order autocatalysis [Equation (11) below].

The second order autocatalysis reaction is defined as (1) [218]:

A+B—2B (10)

Here, A= Stat5, and B=p-Stat5

The concentration of the product B at time t, By, is given by:

B, =— "0 "B ‘(1)
l+ie_k(%+80)t
B0
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Figure 2.13
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The isolated Stat5 N-terminal domain (ND) amplifies the binary p-Stat5 signal

The ND is connected to the core of the Stat5 molecule by a flexible tether (Figure
2.14A) and is not essential for phosphorylation of the Stat5 C-terminal tyrosine. It is
thought to play a role in the formation of Stat5 tetramers [125, 220]. In addition, intra-
dimer ND dimerization was recently suggested to stabilize the anti-parallel, inactive Stat5
dimer, dissociating upon Stat5 phosphorylation [80, 109].

We examined the effect of exogenous expression of the isolated Stat5 ND on the
dynamics of Stat5 phosphorylation. We electroporated fetal liver cells with a construct
encoding the full-length FLAG-Stat5 molecule, either alone, or together with a construct
encoding the isolated Myc-tagged ND (Figure 2.14A-D). Following overnight incubation
to allow expression of the transduced contructs, we assessed the effect of the isolated ND
on the phosphorylation of the co-expressed FLAG-Stat5 in response to Epo stimulation.
To analyze the effect of Myc-ND on FLAG-Stat5 phosphorylation guantitatively, we
used a two-dimensional gate matrix where the position of each rectangular gate is
denoted by (X,y) coordinates (Figure 2.14B). All gates with the same ‘x’ coordinate
contain cells with similar FLAG fluorescence, and therefore, with similar FLAG-Stat5
expression. Similarly, all gates with the same ‘y’ coordinate have similar Myc
fluorescence and contain cells with similar Myc-ND expression. In samples that were
electroporated with a FLAG-Stat5 but not with a Myc-ND construct, coordinates are
indicated as (x,-). Control cells were electroporated with either empty vector (pcDNAS3,

response as shown in Fig 2.9A), FLAG-Stat5 alone or Myc-ND alone (Figure 2.14B).
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As shown previously (Figures 2.9, 2.10) in the absence of the Myc-ND, an
increase in FLAG-Stat5 expression, from gate (8,-) to gate (11,-), results in increased p-
Stat5 MFI (Fig 2.14C, compare green and blue histograms). The p-Stat5 signal intensity
in FLAG-gate 11, however, increased further in cells that also expressed Myc-ND
(Figure 2.14C, compare red and blue histograms). A similar amplification of the Epo
response as a result of Myc-ND expression was found for other FLAG expression gates
(Figure 2.15A). Similar amplification was also seen when non-tagged ND was expressed.

An inspection of the p-Stat5 histograms (Figures 2.14C, 2.15A) showed a
qualitative difference in the pattern of p-Stat5 signal amplification by FLAG-Stat5 and by
Myc-ND. An increase in FLAG-Stat5 expression from FLAG gate (8,-) to (11,-)
increased both the fraction of p-Stat5" cells within the population, as well as their range
of p-Stat5 signal intensities, in agreement with our previous results, in which the level of
FLAG-Stats expression determined maximal p-Stat5 signal intensity (Figures 2.9B,
2.10A). However, addition of Myc-ND to cells resulted principally in an increased
number of p-Stat5” cells, without increasing maximal p-Stat5 (compare flow cytometric
histograms for cells in gate (11,3) with cells in gate (11,-) and see overlay of blue and red
histograms, Figure 2.14C; see also Figure 2.15A).

We therefore examined the effect of Myc-ND on the entire Epo dose/p-Statb
response curve (Figure 2.14D). As found previously (Figure 2.10A) S3 cells expressing
very low levels of FLAG-Stat5, in gate (6,-), responded to Epo stimulation with a low-
intensity, steep (binary) p-Stat5 signal, characterized by a high Hill coefficient (ny=3).

Cells expressing higher levels of FLAG-Stat5, in gate (10,-), responded in a graded
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fashion to increasing Epo concentrations, evident from the low Hill coefficient (ny= 0.6),
but the response reached high p-Stat5 signal intensities. By contrast, cells in gate (10,3),
expressing the same high level of FLAG-Stat5, but that in addition also expressing Myc-
ND, responded with a steep (binary) high-intensity p-Stat5 signal, reflected in a high Hill
coefficient (ny=4.8).

The precise change in p-Stat5 was dependent on the expression level of Myc-ND
relative to FLAG-Stat5. For a given level of FLAG-Stat5, low levels of Myc-ND (gates
with coordinates (x,3) or (x,4)) amplified the p-Stat5 response (Figure 2.15B, red
histograms), whereas higher levels of Myc-ND (gates with coordinates (x,5) or (x,6))
resulted in lower amplification, and potentially in inhibition, of the p-Stat5 response

(Figure 2.15B, blue histograms).
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Figure 2.14 The Stat5 ND enhances bistable Stat5 activation.

(A)  Representation of the Stat5 structural domains and of tagged Stat5 constructs (not
to scale). ND: N-terminal domain; CC: coiled-coil domain; DBD: DNA binding domain;
SH2: SH2 domain; Y694: C-terminal tyrosine targeted in the activating phosphorylation
reaction. Stat5Y694F is a non-phosphorylatable mutant. StatSAND is missing the first
129 N-terminal amino acids. Stat5, StatSAND and Stat5Y694F are FLAG-tagged at the
C-terminal end. The isolated ND was expressed with a C-terminal Myc tag.

(B)  Gating strategy for the analysis of fetal liver cells transduced with both FLAG-
Stat5 and Myc-ND constructs. Fluorescence measurements were made simultaneously for
FLAG, Myc, p-Stat5, CD71 and Ter119 expression. FLAG and Myc fluorescence are
shown for S3 cells transduced with either Myc-ND only, FLAG-Stat5 only, or both
constructs (left, middle and right histograms respectively). To analyze the effects of Myc-
ND and FLAG-Stat5 expression on the p-Stat5 response, we sub-divided the Myc vs.
FLAG dot plots using a two-dimensional gate matrix. Each rectangular gate has
coordinates (X, y). The “x’ coordinate denotes the horizontal position of the gate, which
increases with increasing FLAG expression. Gates with the same ‘X’ coordinates contain
cells with similar levels of FLAG expression. The ‘y’ coordinate denotes the vertical
position of the gate and increases with increasing Myc expression; all gates with the same
‘y’ coordinate contain cells with similar “Myc’ expression.

(C)  Effect of the isolated Stat5 ND on the p-Stat5 response to Epo. Fetal liver cells
were transduced with FLAG-Stat5 only, or with both FLAG-Stat5 and Myc-ND, as in
panel ‘B’. After overnight incubation, cells were stimulated with Epo (2 U/ml) for 30
minutes. The p-Stat5 response is shown for cells in three FLAG and Myc expression
gates (see panel ‘B’): cells transduced with FLAG-Stat5 only, expressing low levels of
FLAG-Stat5, in gate (8,-) (green histogram); cells transduced with FLAG-Stat5 only,
expressing high levels of FLAG-Stat5, in gate (11,-) (blue histogram); and cells
transduced with both constructs, expressing the same high levels of FLAG-Stat5, but in
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the presence Myc-ND, in gate (11,4) (red histogram). Black histograms show the pre-
stimulation p-Stat5 signal for each corresponding gate.

(D)  Low levels of the isolated Myc-ND increase the steepness of the p-Stat5 response
to Epo. Cells were transduced with FLAG-Stat5 alone or with both FLAG-Stat5 and
Myc-ND. Following overnight incubation, cells were stimulated with a range of Epo
concentrations, as described in Figures 2.9A, B and 2.10. The ‘total p-Stat5 vs. Epo
concentration’ plot is shown for the indicated expression gates (see panel ‘B’): cells
transduced with FLAG-Stat5 only, expressing low levels of FLAG-Stat5, in gate (6,-)
(green); cells transduced with FLAG-Stat5 only, expressing higher levels of FLAG-Stat5,
in gate (10,-) (blue); and cells transduced with both constructs, expressing the same high
levels of FLAG-Stat5, but in the presence Myc-ND, in gate (10, 3) (red). An overlay of
all three responses is shown. Data points are MFI = sem of the p-Stat5 response for all
cells within a gate. Data is fitted with Hill curves.

(E)  Low levels of the isolated Myc-ND increase the p-Stat5 response of fetal liver S3
cells electroporated with FLAG-Stat5AND. Fetal liver cells were electroporated with
FLAG-StatbAND in the presence or absence of Myc-ND; responses of cells transduced
with control FLAG-Stat5 in the same experiment are also shown. Responses are shown
for gates with FLAG coordinate 9, and where applicable, Myc coordinate 3.
Representative of 2 experiments.

(3] Epo dose/p-Stat5 response curves for fetal liver cells expressing FLAG-StatbAND
in the presence or absence of Myc-ND; responses of cells transduced with control FLAG-
Stat5. Response of FLAG-Stat5 constructs in the presence of absence of Myc-ND
correspond to expression gates (11,3) or (11-), respectively. Hill coefficients are
indicated. Data are MFI + sem. Representative of two experiments.

(G)  Co-immunoprecipitation of the Myc-ND with wild-type Stat5. 293T cells were
electroporated with either vector alone (pcDNA3, lane 1), FLAG-Stat5 (lane 2), Myc-ND
(lane 3), or with both FLAG-Stat5 and Myc-ND (lane 4). Whole cell lysate was
immunoprecipitated with FLAG-specific antibody and western blotting of the same
membrane was carried out with either an anti-FLAG antibody (upper gel) or with an anti-
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Myc antibody (lower gel). The position of Stat5, the isolated ND, and IgG heavy and
light chains (HC and LC respectively) is shown.

(H)  Pictorial representation of the current model (top left panel) and the proposed
positive feedback model (top right panel) for the Stat5 phosphorylation/
dephosphorylation cycle. The Stat5 domains correspond to the key in panel ‘A’.
Hypothetical intermediates are based on [110]. The positive feedback model is based on a
second-order autocatalytic reaction. See ‘Discussion’ section, ‘Hypothesis: an

autocatalytic conformational switch’ for details.
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Figure 2.14
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The isolated Stat5 ND enhances hysteresis and constitutive p-Stat5 activation

The finding that the isolated Stat5 ND amplified the p-Stat5 response and
generated a steep dose/response curve suggested that p-Stat5-mediated positive feedback
is mediated via the Stat5 ND. We hypothesized above that the hysteresis in p-Stats
signaling (Figures 2.12A, 2.13A,B), as well as the Epo-independent (constitutive) p-Stat5
in cells expressing high levels of FLAG-Stat5 (Figure 2.12B), are both outcomes of the p-
Stat5-mediated positive feedback. We therefore examined the effects of the isolated Statb
ND on these phenomena. We found that constitutive p-Stat5 was enhanced in cells that,
in addition to expressing high FLAG-Stat5, also expressed Myc-ND (Figure 2.15C).
Further, co-expression of Myc-ND with FLAG-Stat5 enhanced the hysteresis of the p-
Stat5 response to Epo (Figure 2.15D). At a given level of FLAG-Stat5 expression,
following a ten-fold Epo dilution, cells expressing Myc-ND had a p-Stat5 response
similar to that of cells lacking Myc-ND, from which Epo was not removed (Figure

2.15D; compare orange and black curves and histograms, respectively).
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Figure 2.15 The isolated Stat5 ND enhances hysteresis and constitutive Statb
activation.

(A)  The isolated Stat5 ND enhances the p-Statc response to Epo. Experiment as
described in Figure 2.14B, C. The p-Stat5 response of cells expressing FLAG-Stat5 only
is shown in blue, and of cells expressing both FLAG-Stat5 and Myc-ND is shown in red,;
each histogram corresponds to cells in the indicated gate; histograms on the same
horizontal row have the same level of FLAG-Stat5 expression. Black histogram show the
p-Stat5 signal pre-stimulation for the corresponding gate. The percentages indicate the
number of p-Stat5” cells.

(B)  Effect of different levels of Myc-ND expression on the p-Stat5 response to Epo.
Experiment as described in Figure 2.14B. Cells expressing FLAG-Stat5 at two different
levels, corresponding to gate 9 (left histograms) and gate 11 (right histograms) are shown
as examples. Response in the absence of Myc-ND is shown in black; response in cells
that also express, in addition to FLAG-Stat5, low levels of Myc-ND (Myc-ND gate 3), is
shown in red; response in cells that express high levels of Myc-ND (Myc-ND gate 6) is
shown in blue. The coordinates for each gate are indicated; percentages correspond to the
number of p-Stat5” cells; MFI values are for total p-Stat5 (for all cells in the gate).

(C)  Effect of Myc-ND expression on constitutive p-Stat5, in cells expressing FLAG-
Stat5. Fetal liver cells were electroporated with either FLAG-Stat5 alone or with both
FLAG-Stat5 and Myc-ND, as described in Figure 2.14B. After overnight incubation,
cells were deprived of Epo for 3 hours. Cells expressing high levels of FLAG-Stat5
contain p-Stat5 in the absence of Epo stimulation, as shown in Figure 2.12B. Data was
analyzed as in Figure 2.12B; cells in FLAG-gates 12 and 13 contain p-Stat5, which
reaches higher levels if the cells also express Myc-ND. Data is mean £ sem for cells in
each gate; the flow-cytometry histograms for gates 12 and 13 is shown on the right.

(D)  Effect of Myc-ND expression on the hysteresis of the p-Stat5 response to Epo.
Fetal liver cells expressing either FLAG-Stat5 alone, or both FLAG-Stat5 and Myc-ND,
were prepared as described in Figure 2.12B. Cells were stimulated with 2 U/ml Epo. At
30 minutes, Epo concentration in the medium of some cells was diluted ten-fold to 0.2
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U/ml. The p-Stat5 response was followed for an additional 2 hours. At t= 90 min (60 min
after Epo dilution), cells in the diluted Epo medium expressing both FLAG-Stat5 and
Myc-ND (orange curve and histograms) had p-Stat5 levels equivalent to cells in the non-
diluted medium that expressed FLAG-Stat5 alone (black curve and histogram). Thus, the
expression of the Myc-ND was sufficient to compensate for a ten-fold dilution in Epo,
over extended periods of time. Time course is shown for cells in FLAG gates 13 (data
points are mean + sem for cells in each gate), histograms are shown for t= 90 minutes for
cells in FLAG gates 12 and 13.
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Figure 2.15
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Phosphorylation of an ND-truncated Stat5 molecule is amplified by co-expression of
the isolated ND

We investigated the properties of a Stat5 mutant in which the ND is absent,
Stat5AND, and the effect of exogenous ND on this mutant. As previously reported [125],
the Stat5AND has a higher level of constitutive activity than wild-type Stat5 (Figure
2.16A, upper panels). In addition we found that at equivalent FLAG expression levels,
the StatSAND p-Stat5 response to Epo was higher than that of wild-type Stat5 (Figures
2.14E, compare green and blue histograms; 2.16A, lower panels). Co-expression of
relatively low levels of Myc-ND with the FLAG-Stat5AND resulted in further
amplification of the p-Stat5 signal, beyond the already higher signal generated by this
mutant (Figure 2.14E, compare blue and red histograms). Co-expression of the Myc-ND
also rendered the Epo dose/p-Stat5 response relationship of FLAG-StatSAND steeper, as
reflected by a higher Hill coefficient (Figure 2.14F, compare red and blue Hill curves). In
contrast to the effect of low Myc-ND expression, high expression of the Myc-ND either
failed to amplify, or had a suppressive effect on the p-Stat5 signal (Figure 2.16B, black
Hill curve). Taken together, these findings are similar to the effects exerted by the
isolated ND on wild-type Stat5, suggesting that amplification of the p-Stat5 signal by the
isolated ND, and the steeper dose/response curve it generates, do not require an
interaction between the isolated ND and the Stat5 ND domain.

The isolated Myc-ND co-immunoprecipitates with full-length FLAG-Stat5
We examined whether the isolated Myc-ND interacts with the full-length

unphosphorylated Stat5 dimers. We transfected 293T cells with either FLAG-Stat5 or
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with Myc-ND, or co-transfected the cells with both constructs. Whole cell lysates were
subjected to immunoprecipitation with a FLAG-specific antibody, and
immunoprecipitates were examined by western blotting (Figure 2.14G). The same
membrane was first blotted for the Myc epitope, and then stripped and blotted for the
FLAG epitope. In cells co-transfected with both Myc-ND and FLAG-Stat5, the FLAG
antibody immunoprecipitated both FLAG and Myc epitopes, indicating an interaction
between Myc-ND and FLAG-Stat5. No Myc-ND was seen in immunoblots of cells

transfected with either construct alone.

ND dimerization surface mutations are deficient in p-Stat5 amplification but retain
p-Stat5 suppressive effect

Mutations of L78 in STAT4, or the homologous F77 and/or L78 in STAT1,
disrupt the homodimerization of their respective ND domains [106, 111]. An alignment
of STAT1, STAT4 and STATDb5a suggests that these residues are conserved in the
STAT5a ND (Figure 2.16C). We mutated the equivalent residues in the STAT5 ND
domain, to generate several isolated ND domain mutants, with mutations NDL82S or
NDF81A/L82A. We also generated a full length Stat5 molecule bearing the F81A/L82A
mutations, and found that it was similar in its behavior to the Stat5AND mutant, showing
increased constitutive activity and an amplified response to Epo.

Co-expression of the mutant Myc-ND molecules with FLAG-Stat5 suggested that
they were deficient in amplifying the p-Stat5 response when expressed at lower levels,
though they were still able to suppress the p-Stat5 response when expressed at high levels

(Figure 2.16D, E). Thus, expression of the Myc-NDL82S failed to amplify the p-Stat5
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response of FLAG-Stat5 (Figure 2.16D, compare blue and green histograms), while
within the same FLAG/Myc expression gates, the wild-type Myc-ND generated
substantial amplification (Figure 2.16D, compare blue and red histograms; equivalent
levels of Myc-ND and Myc-NDL82S are expressed within the (10,4) gates, see Figure
2.16D lower panels). Similar results were obtained with the Myc-NDF81A/L82A mutant
(Figure 2.16E, F), which failed to amplify the p-Stat5 signal. Of note, high expression
levels of the mutant Myc-NDF81A/L82A, like high expression of Myc-ND, suppressed
the p-Stat5 response (Figures 2.16E, 2.15B). Therefore, mutations at the F81/L82
residues of the ND uncouple its amplifying activity, exerted at low expression levels,

from its suppressive activity, exerted at high expression levels.
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Figure 2.16 Mutations of the Stat5 ND domain.

(A)  Constitutive activity (upper panels) and Epo responsiveness (lower panels) of a
Stat5 molecule missing its N-terminal 129 amino acids, ‘Stat5AND’. Wild-type fetal liver
cells were electroporated with FLAG-tagged Stat5AND, or control FLAG-Stats or
FLAG-StatbY694F, and examined 18 hours later. The response of S3 cells is shown.
Representative of 3 experiments

(B) Epo dose/p-Stat5 response of fetal liver S3 cells electroporated with FLAG-
Stat5AND in the presence or absence of Myc-ND; responses of cells transduced with
control FLAG-Stat5 in the same experiment are also shown. Responses are shown for
gates with FLAG coordinate 9, and where applicable, Myc coordinates 3 (low
expression) or 5 (high expression). Data points are MFI = SEM. Representative of 2
experiments.

(C)  Alignment of the N-terminal portion of the STAT1, STAT4 and STAT5a NDs.
The red rectangle marks conserved F81 and L82 residues, previously shown to be in the
dimerization interface of the STAT1 and STAT4 NDs [106, 108].

(D)  Fetal liver cells were electroporated with FLAG-Stat5 in the absence (blue
histogram) or presence of either Myc-ND (red histogram) or its mutant, Myc-NDL82S
(green histogram). p-Stat5 response histograms are shown for expression gates with
(10,4) coordinates (upper panels). Myc expression for Myc-ND and Myc-NDL82S in
gates (10,4) is very similar (lower panels).

(E), (F) Fetal liver cells were electroporated with FLAG-Stat5 in the absence (blue
histogram and curve) or presence of either Myc-ND (red histogram and curve) or its
mutant, Myc-NDF81A/L82A (green histogram and curve). p-Stat5 response histograms
are shown in ‘F’ for expression gates with (12,5) coordinates. The entire Epo dose/p-
Stat5 response curve for the same gates is shown in ‘E’. Hill coefficients are 1.44 for
FLAG-Stat5, 2.2 for FLAG-Stat5 + Myc-ND, and 3.2 for FLAG-Stat5 + Myc-
NDF81A/L82A. Data points are MFI £ SEM.
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Figure 2.16
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Discussion

Stat5 signaling in erythroblasts combines a low-intensity bistable signal with a
high intensity graded response. Together, these allow fidelity in signal transduction in the
low-basal Epo range, with the ability to generate a graded response over the wide range
of stress Epo concentrations. High intensity, graded Stat5 signaling in early erythroblasts
gradually transitions to a low intensity binary response in mature erythroblasts. This shift
in signaling mode is caused by the gradual loss in Stat5 expression with erythroblast
maturation. By restoring high Stat5 expression to mature S3 erythroblasts, we were able
to reverse this shift and endow them with a high intensity graded p-Stat5 response.

Using Stat5” and EpoR-HM mice, we show that the binary and graded p-Stat5
signaling modes are required in basal and stress erythropoiesis, respectively.

Further, we investigate the mechanism of bistability in Stat5 activation and show
that it is caused by an autocatalytic positive feedback exerted by active p-Stat5 on
inactive Stat5, that promotes Stat5 phosphorylation. Strikingly, the isolated Stat5 ND
dramatically enhances the bistability, converting a graded, high intensity signal into a
high-intensity bistable response. These data, together with biochemical and kinetic data,
lead us to propose a model in which the ND of active p-Stat5 molecules promotes the

Stat5 phosphorylation reaction.

Co-existing graded and binary Stat5 signaling allows for fidelity in signaling over a
wide Epo range

Theoretical analysis and synthetic models have shown that a given signaling

network may generate either binary (digital) or graded (analog) responses, depending on
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the value of key parameters [149, 221, 222]. Recent reports suggest that both modes may
coexist in cells [205, 223]. Thus, Ras signaling in lymphocytes is of a low-intensity,
analog form, but can assume a high intensity, digital form when a SOS positive feedback
loop is activated. Hence, distinct ways of juxtaposing binary and graded signaling modes
have evolved that increase the information content of transduced signals.

A key feature of the erythropoietic system is its wide dynamic range. The precise
erythropoietic rate generated by erythroid progenitors is dependent on Epo concentration,
which varies from basal to stress erythropoiesis through three orders of magnitude. Our
aim at the outset was to understand how Stat5 signaling reflects this vast Epo range. A
graded signal transduction system would have made it possible for downstream responses
to be augmented incrementally throughout the Epo range. However, a drawback of the
graded mode of signaling is that, at low Epo concentrations, such as those that sustain
basal erythropoiesis (<0.05 U/ml), the ratio of signal to noise would be low, reducing
signaling fidelity. By contrast, a binary signaling mode, while generating a decisive
signal, would not be able to respond to incremental changes in Epo concentration during
increasing levels of stress.

Here we found that Stat5 signaling bridges this conundrum by combining bistable
activation in response to low Epo in the basal range, with the capacity for a further,
graded increase in Stat5 signal intensity in response to stress levels of Epo. The bistable
activation of Stat5 results in a decisive signaling threshold, transducing with fidelity the

low Epo concentrations that support basal erythropoiesis. In response to high Epo, the p-
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Stat5 signal can be increased further, in a graded incremental manner that reflects the
level of stress.

By comparing mouse genetic models that either completely lack Stat5 function
(the Stat5” mouse), or that specifically lack the graded, high intensity signal (the EpoR-
HM mouse), we found that the binary, low-intensity signal is both necessary and
sufficient for erythroblast survival and for maintenance of basal erythropoiesis (Figure
2.11A). By contrast, the high intensity graded p-Stat5 signal is required for the response
to erythropoietic stress, as seen from the inability of EpoR-HM mice to respond to stress.
Further, exogenous Stat5 expression in EpoR-HM erythroblasts, which rescued their
ability to signal via the graded high-intensity mode, also rescued high CD71 expression, a
Stat5-dependent response specific to stress (Figure 2.11C).

The binary form of the p-Stat5 signal in S3 erythroblasts is a result of bistable
Stat5 activation in cells where Stat5 expression is low. In earlier S1 erythroblasts,
however, the presence of higher levels of Stat5 permits high Epo concentrations to
generate a higher-intensity graded signal beyond that generated through bistable
activation. Several lines of evidence suggest that the high intensity response in S1 may
mask an initial, low-intensity bistable activation of Stat5: 1) In EpoR-HM S1 cells,
lacking high intensity Stat5 signaling, the residual signaling mode is binary. 2) There is a
persistent, or hysteretic, low-intensity p-Stat5 signal in S1 cells following Epo wash or
dilution, similar in intensity to that found in S3 cells (Figure 2.13B). 3) We found similar
autocatalytic reaction kinetics in both S1 and S3 cells in response to Epo stimulation

(Figure 2.13F).
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It is unclear what confines bistable activation to a low-intensity response. Why is
it that, in cells such as S1, which are capable of a high intensity response, autocatalysis
does not continue until the maximal p-Stat5 response is obtained? We were able to
artificially provoke such a binary, high intensity response in cells expressing high FLAG-
Stat5 by also co-expressing low-levels of the isolated Stat5 ND (Figure 2.14D).
Whatever the mechanism that prevents such a high-intensity binary response under
physiological conditions, it is clearly essential for the unique way in which bistable

activation co-exists with graded p-Stat5 signaling in erythroblasts.

Mechanism of bistability: p-Stat5-mediated positive feedback exerted at the Stat5
phosphorylation step

We found a steep p-Stat5 response to Epo stimulation, with Hill coefficients in the
range of 2 to 4, in fresh EpoR-HM erythroblasts (Figure 2.3D, E), and in electroporated
wild-type S3 expressing low-levels of FLAG-Stat5 (Figures 2.14D, 2.10A). The potential
mechanisms of such a binary response fall into two broad categories, monostable, or
bistable. We found that the p-Stat5 response in S3 cells showed hysteresis, persisting well
beyond either removal or dilution of the Epo stimulus (Figures 2.12A, 2.13A, B). This
therefore indicated that the binary response resulted from bistable Stat5 activation.

A key requirement for bistability is the presence of a positive loop, containing a
positive feedback interaction and/or an even number of negative feedback links [149,
224]. Such a loop ensures that the system “flips’ between two states without resting in
intermediate states. In principle, any step in the Epo-mediated signaling pathway

upstream of Stat5 phosphorylation, including Epo binding to its receptor and Jak2
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activation, may be the site of such a positive loop. Below we list evidence suggesting that
inactive Stat5 is the target of positive feedback exerted by p-Stat5, and that this positive
feedback is primarily responsible for bistable Stat5 activation:

(@) A steep dependence of constitutive p-Stat5 on FLAG-Stat5 expression
(ny=2.4). In the absence of Epo stimulation, S3 erythroblasts expressing high levels of
FLAG-Stat5 contain Epo-independent (constitutive) p-Stat5 (Figure 2.12B). There is a
steep dependence of constitutive p-Stat5 on FLAG-Stat5 expression, with a Hill
coefficient of 2.4. Therefore, inactive Stat5 is a reactant in a phosphorylation reaction that
involves either cooperativity or a positive loop. Since this reaction takes place in the
absence of Epo stimulation, cooperativity or positive feedback must involve Statb
directly, and cannot be accounted for by upstream components of EpoR signaling.

(b) p-Statb promotes phosphorylation of inactive Stat5 in trans. We expressed
two distinct populations of Stat5, distinguished by the presence or absence of a FLAG-
tag, in the same cells. We found that the presence of a population of untagged p-Statb
molecules in the cell caused an increase in the level of phosphorylation of the second,
tagged population (Figure 2.12D, E). Therefore, p-Stat5 promotes in trans the
phosphorylation of as yet inactive Stat5 molecules. In principle, p-Stat5 may promote
Stat5 phosphorylation by either accelerating the forward, phosphorylation reaction, or
alternatively, by retarding the reverse, dephosphorylation reaction.

(c) The time course of p-Stats accumulation obeys autocatalytic reaction
kinetics. Evidence in (a) above suggests that inactive Stat5 is the target of cooperativity

or positive feedback, whereas evidence in (b) suggests that it is p-Stat5 that exerts
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positive feedback on this phosphorylation reaction; taken together, these findings suggest
that the Stat5 phosphorylation reaction is accelerated by its own product, p-Stats.
Therefore, Stat5 phosphorylation is an autocatalytic reaction. Autocatalysis is a type of
positive feedback in which the product accelerates (or catalyzes) the reaction in which it
is formed. Second order autocatalytic reactions are defined as

A+B—2B

where substrate A is converted to the product B [218]. As a result of B’s interaction with
A, the rate of reaction (12) is faster than the rate of the non-autocatalytic, first order
reaction:

A——B
The observations noted in (a) and (b) therefore suggest that the Stat5 phosphorylation

reaction may be represented as an autocatalytic reaction similar to reaction (12):
(Stat5) + (pStat5)—"2(pStat5)

Support for this comes from the reaction kinetics of Stat5 activation. The time course of
an autocatalytic reaction is characterized by an initial latent period or slow phase,
accelerating into a rapid phase when the accumulating product feeds back to accelerate
the reaction. We observed this pattern for the time course of p-Stat5 accumulation in
response to phosphatase inhibition, as well as in response to Epo stimulation (Fig 2.13E,
F).

As noted above, the finding that p-Stat5 promotes phosphorylation of Stat5 in
trans does not, by itself, allow us to determine whether it does so by accelerating the

forward, phosphorylation reaction, or by inhibiting the reverse, dephosphorylation

(12)

(13)

(14)
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reaction. However, the finding that p-Stat5 accumulation accelerates with time in a
manner consistent with autocatalysis, even in the presence of phosphatase inhibition by
pervanandate (Figure 2.13E), makes it less likely that p-Stat5 accelerates its own
accumulation through phosphatase inhibition. We noted that the length of the slow phase
for p-Stat5 accumulation in response to pervanadate is dependent on the concentration of
inactive Stat5, being shorter in cells expressing higher FLAG-Stat5 (Figure 2.13E). This
further supports our earlier conclusion (see (a) above) that inactive Stat5 participates
directly in the positive feedback interaction.

(d)  The isolated Stat5 ND enhances bistability. In the physiological setting, the
low-intensity p-Stat5 signal was bistable, whereas the high intensity signal was graded.
The graded property of the high intensity signal was radically modified by the expression
of the isolated Stat5 ND, which converted it into a high-intensity binary response (Figure
2.14D). The isolated ND therefore uncouples the otherwise clear link between high
intensity p-Stat5 signaling, and reduced steepness of the Epo dose/p-Stat5 response curve
(Figures 2.3, 2.7, 2.9, 2.10). The ability of the isolated ND to break this link and generate
a high intensity binary signal suggests that it is the ND that mediates the interaction
responsible for the binary nature of the p-Stat5 response. In addition to increasing the Hill
coefficient of the p-Stat5 response to Epo, the isolated ND increased constitutive p-Stat
for a given FLAG-Stat5 expression level (Figure 2.15C) and enhanced the hysteretic p-
Stat5 signal following Epo wash or dilution (Figure 2.15D). These findings support the
hypothesis that the Stat5 ND is responsible for mediating the positive loop that gives rise

to bistable Stat5 activation. They add to the kinetic and biochemical evidence in (a)-(c)
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above, suggesting that autocatalytic p-Stat5 phosphorylation is a principal mediator of
bistable Stat5 activation.
Hypothesis: an autocatalytic conformational switch

We hypothesize that the ND may, in some way, either increase the likelihood of
phosphorylation by the kinase, or alternatively, decrease the likelihood of the
phosphatase reaction. The ND is connected to the core STAT molecule via a long flexible
tether that is thought to provide it with mobility and therefore with the ability to interact
with various domains within the STAT dimer [110]. In the inactive dimer conformation,
reciprocal NDs are dimerized in an interaction that is thought to stabilize the inactive
anti-parallel dimer [106]. Our finding that the FLAG-StatSAND has an amplified
response to Epo stimulation is consistent with decreased stability of the inactive, anti-
parallel dimer, as a result of the absence of the ND domains. Structural data and FRET
experiments show that STAT activation results in separation of the two NDs [109].
Therefore, the Stat5 ND, which mediates an intra-dimer interaction within inactive
dimers, becomes available for other interactions once Stat5 is phosphorylated. Consistent
with this, the ND is required for the formation of tetramers of active STATS, through
inter-dimer interactions [125, 220, 225]. The ND-mediated positive feedback may
therefore be mediated by the newly-available NDs of p-Stat5, through inter-dimer
interactions. Consistent with this, we coimmunoprecipitated inactive Stat5 with the
isolated ND domain (Figure 2.14G).

In recent years, a new role had emerged for the ND, as an essential component in

the radical reorientation between the parallel and anti-parallel conformations that STAT
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molecules undergo during the phosphorylation/dephosphorylation cycle. Thus, ND-
truncated STATL, STAT4, or STATS are deficient in this cycle, with STAT dimers either
persisting in the phosphorylated, parallel conformation, in the case of STAT1 and STAT5
[109, 110], or unable to form the parallel dimer conformation, in the case of STAT4
[106]. Of interest here, the isolated STAT1 ND could complement the persistently
phosphorylated, ND-truncated Statl, allowing its dephosphorylation. This and other data
suggested that the ND is required for facilitating the reorientation of parallel Statl dimers
into the anti-parallel conformation [110]. The assumption had been that the STAT1 ND
exerts this function “in cis’, from within the dimer undergoing reorientation.

The role of the ND in dimer reorientation, together with the availability of the p-
Stat5 ND for inter-dimer interactions, suggests a mechanism for the positive feedback
mediated by p-Stat5 in Stat5 phosphorylation. We propose that the reorientation of
inactive Stat5 from the anti-parallel to the parallel conformation is relatively inefficient or
energetically unfavorable, and may require a chaperone. The NDs of parallel, active
dimers may chaperone this conformational switch, promoting the formation of parallel
dimers (Figure 2.14H). The resulting parallel dimers have a higher likelihood of
becoming phosphorylated, either because they may be better kinase substrates, or else
they may be poorer phosphatase substrates; the latter is likely due to the masking of the
phosphotyrosine within the SH2 domain.

The resulting reaction, in which parallel dimers catalyze the conversion of anti-

parallel dimers to the parallel conformation, would result in self-replication of the parallel
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structure, giving rise to a prion-like, autocatalytic process [226] that would form the basis

for bistability and binary signaling.

Site of interaction of the ND with Statb

Co-expression of FLAG-StatSAND with low-levels of the isolated Myc-ND
resulted in a high-intensity binary p-Stat5 response, similar to that obtained when Myc-
ND was co-expressed with wild-type Stat5 (Figure 2.14D, F). Similarly, expression of the
FLAG-StatbAND with high levels of the Myc-ND promoted dephosphorylation (Figure
2.16B) in the way it promoted the dephosphorylation of wild-type Stat5 (Figure 2.15B).
The latter findings are similar to those reported for Statl, where the isolated ND
promoted the dephosphorylation of the ND-truncated Statl [110]. Together, these
findings suggest that the inter-dimer ND-mediated interaction does not occur via an inter-
dimer ND dimerization. The ND therefore interacts in trans with a non-ND, core domain
of the STAT molecule.

We found that NDs bearing mutations at F81 or L82, two residues in the ND
dimerization interface, were deficient in amplification of the p-Stat5 response (Figure
2.16D-F). Given that ND dimerization does not play a part in the inter-dimer interaction,
these findings raise the possibility that that the dimerization interface may, in addition to
ND dimerization, also interact with the Stat5 core domain. An alternative possibility is
that the ND domains of active Stats dimers may need to be in a homodimeric form in

order to mediate inter-dimer interactions.
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Implications for STAT’s role in disease

Our work raises the possibility that activation of other STATs may also be
bistable, since all STAT family members share highly conserved structural motifs.
Further, many STATSs are believed to undergo a similar conformational reorientation
during their activation/deactivation cycle.

STAT proteins are implicated in a variety of disease processes, and in particular,
Stat3 and Stat5 have causal roles in cell transformation. The finding that Stat5 activation
is bistable is relevant to leukemogenesis, where constitutively active Stat5 is an essential
component of cell transformation downstream of many oncoproteins. Therefore, an
understanding of the mechanisms that contribute to bistable activation would aid in

designing novel therapeutic approaches.

Materials and Methods

Mouse models

BALB/c ByJ and C57BL/6J and C57BL/6J-Ptpn6™"/J strains were purchased from the
Jackson Laboratory (Maine). Stat5-null were supplied by Dr. Lothar Hennighausen,
NIDDK, Bethesda, MD, and EpoR-H and EpoR-HM by Dr Jim Ihle, St. Jude Children’s
Research hospital, Memphis, TN. Mice were matched for the same background strain and
embryonic age in all experiments.

Erythropoietin injections in adult mice

Adult mice were injected with a single dose of Epo (3-10 IU/gram sub-cutaneously).
Mice were sacrificed at different time points, as described in the animal protocol, and the

erythropoietic tissues, spleen and bone marrow, were collected in phosphowash, as
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described previously [168]. The tissues were processed in phosphowash, fixed with
paraformaldeyde, permeabilized with acetone and stored at -80C until the staining was
performed.

Fetal liver cell preparation
Fetal livers were isolated at E12.5-E14.5, dissociated mechanically, and deprived of Epo

for 90 minutes in the presence of 20% serum prior to Epo stimulation. Cells were then
stimulated with different doses of Epo for a fixed time (dose response curve) or with a
single dose of Epo at multiple time points (time course).

Amaxa Biosystem Nucleofection
Fresh fetal liver cells were prepared for electroporation using the Mouse ES Cell

Nucleofector Kit (VPH-1001, Amaxa Biosystem) according to the manufacturer's
instructions. Electroporations were performed using the Amaxa Biosystem Nucleofector
(program X-001). Following electroporation, cells were incubated for 18 hours in Epo
(0.2 U/mL), Stem Cell Factor (100 ng/mL) and Interleukin-3 (10 ng/mL), washed 3 times
and incubated in 20% serum for 3 hours prior to Epo stimulation.

Pervanadate treatment

Cells were electroporated with a pcDNA3 vector expressing